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Abstract
In this dissertation, I present spectroscopic studies of several model electronic and
magnetic materials. Compounds of interest include VOx nanoscrolls, VOHPO4 · 12 H2 O,
and (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 . These materials are attractive systems for the investigation of optical gap tuning, lattice and charge dynamics, spin-lattice-charge coupling, and hydrogen bonding effects. I measured the optical properties of VOx nanoscrolls and the ion-exchanged derivatives to investigate the lattice and charge degrees
of freedom. Selected V-O-V stretching modes sharpen and redshift with increasing
amine size, which are microscopic manifestations of strain. We observed bound carrier localization in the metal exchanged nanoscrolls, indicating they are weakly metallic in their bulk form. I also investigated the variable temperature vibrational properties of single crystals of the S = 1/2 Heisenberg antiferromagnet VOHPO4 · 21 H2 O.
In order to explain the activation and polarization dependence of the singlet-totriplet gap in the far-infrared response, we invoke a dynamic Dzyaloshinskii-Moriya
mechanism and we identify the low-energy phonons that likely facilitate this coupling. Vibrational mode splitting of VOHPO4 · 21 H2 O also points toward a weak local
symmetry breaking near 180 K, and the low-temperature redshift of V-O and H-O
related modes demonstrates enhanced low-temperature hydrogen bonding. Finally,
I measured the magneto-optical response of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 to investigate
the microscopic aspects of the magnetic field driven spin-glass insulator to ferromagnetic metal transition. Application of a magnetic field recovers the ferromagnetic
iii

state with an overall redshift of the electronic structure, growth of the bound carrier
localization associated with ferromagnetic domains, development of a pseudogap,
and softening of the Mn-O stretching and bending modes that indicate a structural
change. By exploiting the electronic mechanisms, we can induce large high energy
magnetodielectric contrast in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 . The dielectric contrast is
over 100% near 0.8 eV at 4.2 K. Remnants of the transition also drive the high
energy magnetodielectric effect at room temperature.
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as a function of tube diameter in Å. (after Ref. [74]) . . . . . . . . . .

x

42

3.2

(a) Representative x-ray powder diffraction scan of (C12 H25 NH3 )y VOx scrolls showing only 00l and weak hk0 reflections. The inset
displays a representative TEM image with lattice fringing and a center cavity. (b) Probable double-layer structure of the VOx scrolls,
analogous to the BaV7 O16 model compound. [46] (c) Close-up view of
the local structure around the V centers, showing the arrangement of
octahedra and tetrahedra in the BaV7 O16 model compound. [46] . . .

3.3

44

A schematic representation of Mott-Hubbard band splitting in VOx
nanoscrolls and a simple unit-cell model of spin textures with and
without charge doping. In a Mott insulator, the motion of each particle
is hindered by the strong Coulomb repulsion U from other particles,
and in this respect they are very different from band insulators, in
which the Pauli exclusion principle forbids the motion of electrons.
(After Ref. [47]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.4

46

Schematic representation of the relative disposition of the dominant
orbitals within VO6 octahedra and PO4 tetrahedra networks, showing the maximum π overlap. PO4 tetrahedra play an important role
in mediating the magnetic exchange between vanadium ions. (after
Ref. [99]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.5

48

(a) 300 K structure of VOHPO4 · 12 H2 O within the ab-plane. This rendering shows pairs of face-sharing vanadate octahedra interconnected
by hydrogen-phosphate tetrahedra. The dominant spin dimers occur
along the a direction. (b) 300 K structure of (VO)2 P2 O7 projected
within ab-plane. The alternating spin chain is along the b axis. . . . .

xi

49

3.6

(a) Schematic representation of the structure and magnetic interactions in VOHPO4 · 12 H2 O. The dominant interaction is through P2 (VO-P-O-V) pathway. (after Ref. [100]) (b) Schematic representation of
the structure and magnetic interactions in (VO)2 P2 O7 . It is best described as an alternating spin chain rather than a spin ladder. (after
Ref. [102]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.7

51

(a-b) Electronic configuration of Mn3+ and Mn4+ . (c-d) An illustration of the concept of double exchange - the hopping matrix element as
a function of spin alignment. (e) The double-exchange prediction for
the bandwidths for the ferromagnetic and paramagnetic cases. (after
Ref. [4, 7]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.8

53

Crystal structure of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , with O (red/black),
Mn-containing octahedra (purple/gray), and the rare/alkaline earth
ions (light blue/light gray). O occupies three different sites, and
rare earth/alkaline earth metal have different coordination numbers
depending on whether they occupy perovskite (P) or rock salt (R)
sites. [54, 55] Note that the unit cell along the b axis has been replicated to highlight the layered structure.

3.9

. . . . . . . . . . . . . . . .

55

(a) The electronic phase diagram calculated for (La1−z Prz )1.2 Sr1.8 Mn2 O7
crystals in the plane of effective one-electron bandwidth (rA ) and the
magnitude of quenched disorder (σ 2 ). (b) The global phase diagram
of RE1−x AEx MnO3 (x=0.45) crystals in the plane of rA and σ 2 . (after
Ref. [8]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xii

56

3.10 (a) Magnetic phase diagram of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 in the (H, T )
plane established from the magnetic measurements (after Ref. [120])
(b) Magneto-optical images of magnetic stripe structures in the ab
plane of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 crystals under H k=2 kOe after applying Hmax =35 kOe at 10 K. (after Ref. [121]) (c) Lattice distortion
and schematic electronic structure of Mn3+ ions in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
in the field-induced ferromagnetic metallic state at 2 K. The bottom
shows the orbital occupancies of eg electrons, resulting from polarized
neutron diffraction. (after Ref. [122]) . . . . . . . . . . . . . . . . . .

57

3.11 High energy magnetodielectric contrast in K2 V3 O8 , HoMnO3 , Ni3 V2 O8 ,
and Co3 V2 O8 . [9, 37, 138] . . . . . . . . . . . . . . . . . . . . . . . . .
4.1

59

300 K absorption spectrum of (C8 H17 NH3 )y -VOx scrolls. The inset
shows a close-up view of one of the high-energy excitations, which
changes modestly with sheet distance. In the inset, the curves are
offset for clarity. (after Ref. [38]) . . . . . . . . . . . . . . . . . . . .

4.2

61

300 K optical absorption spectrum of (C8 H17 NH3 )y -VOx scrolls as
compared with the room temperature absorption spectra of VO2 , [143]
the polarized optical conductivity of α0 -NaV2 O5 [141,144] and the variable temperature absorption spectra of Na2 V3 O7 . [145] (after Ref. [38]) 64

4.3

(a) 300 K infrared absorption spectrum of (C6 H13 NH3 )y -VOx nanoscrolls. The inset shows a magnified view of the far-infrared response.
(b) Close-up view of two V-O-V stretching modes as a function of
sheet distance in the nanoscrolls. (after Ref. [38]) . . . . . . . . . . .

xiii

68

4.4

(a) Example fit of the 300 K spectrum of (C6 H13 NH3 )y -VOx nanoscrolls in the range of the V-O-V stretching modes. Dashed lines
show the model Voigt oscillators used in the fit. (b) Peak positions of
the fitted oscillators as a function of sheet distance. (c) Integral areas
of the fitted oscillators vs. sheet distance. Dashed lines guide the eye.
(after Ref. [38]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.5

70

(a) Optical conductivity spectrum of (C6 H13 NH3 )y -VOx nanoscrolls
at 4 and 450 K. The upper inset shows a magnified view of the far infrared response. The lower inset shows the low-frequency optical conductivity as a function of temperature. (b) High-temperature optical
conductivity spectrum of (C6 H13 NH3 )y -VOx nanoscrolls. Degradation
occurs above 450 K. The inset shows a comparison of the 300 K spectrum, before and after heating to 500 K. Clear evidence of damage is
observed. (after Ref. [39]) . . . . . . . . . . . . . . . . . . . . . . . .

4.6

74

(a) 300 K optical conductivity of pristine VOx scrolls and the Mn exchanged compound in the far-infrared regime. The dotted line guides
the eye, highlighting the additional bound carrier contribution in the
substituted scrolls. The inset shows a magnified view of the lowfrequency response of pristine and Mn exchanged scrolls. The extrapolated dc conductivity is indicated by filled circles at ω = 0 in both
panels. (b) Optical conductivity spectra of Mn2+ substituted VOx
nanoscrolls at 4 and 300 K. (after Ref. [40]) . . . . . . . . . . . . . .

xiv

77

4.7

Schematic representation of possible electronic structure changes emanating from the ion exchange process in the scrolled vanadates. (a)
Band structure of pristine vanadium oxide nanoscrolls. Here, 2∆ denotes the ∼0.5 eV band gap. [38] (b) Schematic view in which ion
exchange adds carriers to a new defect-level band that forms near EF .
(c) Cartoon view in which the new charge defect band splits due to
electron-electron interactions and/or chemical disorder effects. Here,
2∆F IR represents the low energy bound carrier excitation. This structure will likely have narrow bandwidth. (d) Alternate approach to the
exchange process in which ion exchange adds carriers within the rigid
band model. [47] (e) Schematic view in which the V 3d band splits
due to electron-electron interactions and/or chemical disorder effects.
Here, 2∆F IR represents a possible low energy excitation, although it
will have a wider band width than in (c) due to joint density of states
effects. (after Ref. [40]) . . . . . . . . . . . . . . . . . . . . . . . . . .

4.8

79

Expanded view of the 300 K optical conductivity of pristine VOx
scrolls and the Mn exchanged compound. The inset shows a closeup view of the ∼5 eV excitation, which changes modestly with sheet
distance in the unsubstituted scrolls. [38] In the inset, the curves are
offset for clarity. (after Ref. [40]) . . . . . . . . . . . . . . . . . . . .

xv

82

5.1

(a) Magnetic susceptibility χ for VOHPO4 · 12 H2 O single crystals. Closed
circles denote experimental data (H k a), the solid (red) line shows
the isolated dimer model fit, the dashed (green) line is the alternation chain model fit, and the dotted (blue) line shows the mean fieldcoupled alternating chain model fit. For these fits, we employed g =
2.07 (H k ab plane). (b) Normalized ESR intensity vs. temperature
at 9.4 GHz. The fit (red solid line) is described in the text. The insets
display the linewidth (open symbols) and g-factor (closed symbols) as
a function of temperature. Our value of g (H k c) compares well with
the previously reported 300 K value of 1.966, although there is no
information on the direction of applied field in Ref. [51]. (after Ref. [41]) 85

5.2

Far infrared transmittance spectra of VOHPO4 · 12 H2 O for light polarized along the a direction (black solid line) and b direction (red dashed
line). The data were taken at 4.2 K. (after Ref. [41]) . . . . . . . . .

5.3

89

Variable temperature transmittance spectra of VOHPO4 · 21 H2 O for
light polarized (a) along the a direction and (b) along the b direction. Measurement temperatures are indicated. The spectra are offset
by 0.45 for clarity. (after Ref. [41]) . . . . . . . . . . . . . . . . . . .

5.4

91

Close-up views of the temperature-dependent transmittance spectra
(left) and corresponding mode frequencies (right) of VOHPO4 · 12 H2 O
in selected regions, highlighting the weak second order structural transitions near 180 K. Error bars are on the order of symbol size. (after
Ref. [41]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xvi

96

5.5

Close-up views of the temperature-dependent transmittance spectra
(left) and corresponding mode frequencies (right) of VOHPO4 · 12 H2 O
in selected regions, highlighting the weak transition of the low temperature mode softening transition near 180 K. Error bars are on the
order of symbol size. (after Ref. [41]) . . . . . . . . . . . . . . . . . .

5.6

99

10 K absorption spectra of VOHPO4 · 12 H2 O for light polarized along
the a and b directions. The inset shows a close-up of view of the color
band for light polarized along a at 10 and 300 K, respectively. This
color band gives VOHPO4 · 12 H2 O crystals their characteristic appearance. (after Ref. [42]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.1

(a) Optical conductivity of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 within the ab
plane under 0 (solid line) and 10 T (dashed line) at 4.2 K (H k c),
extracted from a Kramers-Kronig analysis of the measured reflectance
data (inset). (b) Close-up view of the 4.2 K optical conductivity within
the ab plane under 0 and 10 T magnetic fields (H k c). Dotted lines
guide the eye to highlight the broad underlying bound carrier localization. The inset shows the development of the bound carrier localization (dotted lines), associated with ferromagnetic domains, upon
application of field. (after Ref. [43]) . . . . . . . . . . . . . . . . . . . 105

6.2

ab plane optical conductivity of the low temperature (10 K, 0 T) ferromagnetic metal state of La1.2 Sr1.8 Mn2 O7 and the high field (4.2 K,
10T, H k c) ferromagnetic metal state of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 .
The spectrum of the parent compound La1.2 Sr1.8 Mn2 O7 is from Ref. [218].
(after Ref. [43]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

xvii

6.3

(a) Magnetic field dependent Mn-O stretching and bending modes of
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 . (b) Temperature-dependence of the MnO stretching modes of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 and La1.2 Sr1.8 Mn2 O7 ,
the double-layer parent compound (Tc =120 K). Data for La1.2 Sr1.8 Mn2 O7
are from Lee et al. in Ref. [218]. (after Ref. [43]) . . . . . . . . . . . . 110

6.4

(a) H−T phase diagram, extracted from the optical properties data for
H k c. Data are taken with increasing field. Selected magnetization,
magnetostriction, and resistivity results are shown for comparison.
[120, 123, 224] The inset displays the absolute value of the integrated
area of the reflectance ratio spectra in the color band region as a
function of temperature and magnetic field. Inflection points in the
data were used to determine phase boundary locations. (b) Close-up
of view of the H − T phase diagram in the low temperature region.
(after Ref. [43]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.5

300 K ab plane optical conductivity of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 in 0
(solid line) and 30 T (dashed line) magnetic fields (H k c). The inset
shows the measured ab plane reflectance ratio at 5, 10, 15, 20, 25, and
30 T (top to bottom). The data are taken upon increasing field. (after
Ref. [43]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.6

Schematic view of the temperature and magnetic field-induced color
changes in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 . A comparison to transmittance
data allows an estimated scaling constant of K=1.22x10−5 cm to be
determined. This K value was used in the calculation of the other
colors. The RGB values for each swatch are given as well. (after
Ref. [43]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

xviii

6.7

(a) Dielectric response of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 for H=0 (solid
line) and 10 T (dashed line) (H k c) at 4.2 K, as determined by
Kramers-Kronig analysis of the measured reflectance . (b) The highenergy dielectric contrast, ∆²1 /²1 , for H=0 and 10 T. (after Ref. [44]) 119

6.8

Dielectric response of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 for H=0 (solid line)
and 30 T (dashed line) (H k c) at 300 K, as determined by KramersKronig analysis of the measured reflectance. The inset displays the
high-energy dielectric contrast, ∆²1 /²1 , for H=0 and 30 T. (after
Ref. [44]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.9

The magneto-impedance contrast of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 as a
function of magnetic field (H k c) at 300 K. The inset displays the
magnitude of the impedance as a function of magnetic field (H k c)
at 4.2 K. The sample was zero-field cooled. (after Ref. [44]) . . . . . . 123

xix

Chapter 1
Introduction: Emerging Problems
in Transition Metal Oxides
Transition metal oxides display rich and fascinating properties including superconductivity, novel magnetism, unusual optical properties, and emerging engineering
applications. These properties originate from low-dimensionality, a competition between near degenerate states, nanoscale charge and spin texture, the unique nature
of the outer d electrons on transition metal centers, the special metal-oxygen bonding
networks, structural phase transitions, and strong spin-lattice-charge coupling. [1–11]
Competition between phases has become a central issue in complex oxides especially
in presence of frustration or quenched disorder. Figure 1.1 shows several examples
of how near degenerate states can be tuned with chemical composition, temperature, pressure, or applied magnetic field. Enormous physical property changes can
therefore be achieved by small chemical and physical perturbations. Fundamental investigation of electrical, optical, and magnetic properties of model oxides that exhibit
these effects can bring us closer to a microscopic understanding of these phenomena.
The discovery of nanoscale materials provides the exciting opportunity to investigate bulk versus nanoscale chemistry using molecular-level strain as the tuning
1

T (K)

(a)

(b)

(c)

(d)

Figure 1.1: (a) The complex phase diagram of La1−x Cax MnO3 with an abundance of physical properties, such as ferromagnetism (F), antiferromagnetism (AF),
paramagnetism (P), canted antiferromagnetism (CAF), colossal magnetoresistance
(CMR), and charge ordering (CO). (after Ref. [10]) (b) The global phase diagram of
RE1−x AEx MnO3 (x=0.45) crystals in the plane of effective one-electron bandwidth
(rA ) and the magnitude of quenched disorder (σ 2 ). (after Ref. [8]) (c) Temperature
vs. pressure phase diagram of κ-(ET)2 Cu[N(CN)2 ]Cl. The shaded area represents
two regions of inhomogeneous phase coexistence. (after Ref. [11]) (d) H − T phase
diagram of Ni3 V2 O8 for H k b, emphasizing the cascade of phase transitions in the
low temperature regime. (after Ref. [9])
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parameter. [12] Recently, many inorganic nanoscale materials including MoS2 , WS2 ,
BN, TiO2 , NiCl2 , VOx , and NbS2 have been reported, with beautiful nanomorphologies, functional structures, and interesting lattice curvature. [12–24] Figure 1.2 displays representative TEM images of WS2 nanoparticles, WS2 nanotubes, vanadate
nanoscrolls, and BiFeO3 nanotubes. [25–28] These nanostructures offer molecular
level control of size, shape, mechanical response, as well as unusual electric, optical, and magnetic properties due to confinement and finite length scale effects. The
physics of nanomaterials, especially the experimental understanding of the energy
and momentum relaxation processes by the lateral dimensions and the modified interaction between phonons and electrons by the nanostructures remains a rich area
for investigation.
To develop a comprehensive understanding of low-dimensional and nanoscale
transition metal oxides, a lot of careful and detailed experiments have to be done.
Spectroscopies are one of the most powerful techniques that allow us to determine
various physical properties of complex materials using electromagnetic radiation.
Traditionally, the electromagnetic spectrum is divided into several well-known spectral regions, including radio waves, microwaves, infrared, optical (visible and ultraviolet light), x-rays, and γ-rays. They correspond to different energy scales and are
sensitive to different kinds of excitations. Infrared and optical spectroscopies are
perfect probes to investigate local microscopic properties, often the origin of unusual
bulk or macroscopic properties. According to formal selection rules, there must be a
change in electric dipole moment during the vibrational transition for a material to
absorb infrared radiation. However, some of the symmetric oscillations or magnetic
excitations can be activated due to symmetry breaking and various kinds of coupling
mechanisms such as electron-phonon or spin-phonon coupling.
Careful spectroscopic measurements allow us to obtain information on the vi-
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(b)
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Figure 1.2: (a) TEM images of WS2 nanoparticles (b) TEM images of WS2 nanotubes
(c) TEM images of vanadate nanoscrolls (d) TEM images of BiFeO3 nanotubes.
(after Ref. [25–28])
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brational, electronic, and magnetic degrees of freedom. Vibrational modes can be
excited to higher energy states by infrared light. Collective excitations for density
waves and other broken-symmetry ground states can be observed in the far-infrared
(or even microwave and radio frequency) range. The energy gap in superconductor is
expected in an energy range comparable to the superconducting transition temperature, that is, between microwave frequencies and the far-infrared radiation. Both
charge localization and Drude free carrier electronic response exist in the low energy
electromagnetic regime. Many collective magnetic excitations in low-dimensional
magnets could also be observed by far-infrared radiation, activated via spin-phonon
coupling. Optical spectroscopy, at the same time, is a complementary technique for
the investigation of charge degrees of freedom in complex oxides. If infrared and
optical reflectance is done over a wide frequency range, a Kramers-Kronig analysis
can correlate the measured data to the complex dielectric function, ²(ω). [29] The
dielectric tensor is directly related to the dispersive and lossy response of a solid. We
can also extract the optical constants including optical conductivity (σ1 (ω)), plasma
frequency (ωp ), effective mass (m∗ (ω)), oscillator strength (S), and relaxation time
(τ (ω)). These parameters often provide insight on the intrinsic properties of solids.
Infrared and optical techniques have been successfully applied to investigate lattice
and charge dynamics, structural phase transitions, and high energy magnetodielectric
effects in complex solids. [9,30–37] Figure 1.3 displays an overview of the electromagnetic spectrum along with the physical properties investigated in the compounds of
interest here.
In this dissertation, I present the reflectance and transmittance spectra of several model transition metal oxides over a wide spectral range as a function of both
temperature as well as magnetic field. Compounds of interest have included VOx
nanoscrolls, VOHPO4 · 12 H2 O, and (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 . [38–44] My analysis of
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Figure 1.3: The electromagnetic spectrum showing the compounds of interest in this
dissertation and the physical properties investigated. [38–44]
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the experimental results concentrates on optical gap tuning, lattice and charge dynamics, hydrogen bonding, spin-lattice-charge coupling, and high energy magnetodielectric effects. These scientific problems and our contributions are summarized in
Table 1.1.
Among the transition metal oxides, vanadates show particularly rich chemistry
due to the tunable vanadium oxidation state and flexible coordination environment. [45] The nanoscrolls, (amine)y VOx of interest here are mixed-valent with x
∼ 2.4. [26, 27] The size of the amine or diamine template determines scroll winding,
providing an opportunity to tune the size of these materials. The exact crystal structure has not been completely resolved and is thought to be related to BaV7 O16 . [46]
Scrolled vanadates exhibit very interesting physical properties including a large spin
gap and potential battery as well as optical limiting applications. Recently, electronand hole-doped vanadium oxide nanoscrolls were also reported to be 300 K ferromagnets, raising fundamental questions about their magnetic exchange mechanism. [47]
Here, we are especially interested in the chemical structure and physical property
correlations as well as charge and lattice dynamics in these novel nanoscale materials.
In the pristine nanoscrolls, the electronic structure strongly resembles that of other
bulk, low-dimensional, and molecular vanadates. [38] The 1.2 eV band is assigned as
a superposition of V4+ d → d and V4+ → V5+ charge transfer excitations, and the
features above 3 eV are attributed to O 2p → V 3d charge transfer excitations. The 5
eV excitation shows a modest sheet distance dependence, redshifting with increasing
sheet distance. We find that the optical gap is ∼0.56 eV at room temperature and
∼0.65 eV at 4.2 K. It does not depend systematically on tube size. At the same
time, selected V-O-V stretching modes sharpen and redshift with increasing sheet
distance. We attribute these trends to the microscopic manifestations of strain, which
changes with curvature. [38] We unexpectedly observe a bound carrier excitation in
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Table 1.1: Scientific problems and my contributions in this dissertation

Scientific Problems

• Bulk vs. nanoscale dynamics
• Structure-property correlations
• Metal substitution effects

• Spin-phonon coupling
• Structural transition
• Hydrogen bonding

• Spin-lattice-charge coupling
• Controlling disorder near phase
boundary
• High energy magnetodielectric
effects

Model Compound Used
to Investigate the Scientific Problems

Our Scientific Findings

• Vanadate nanoscrolls
• Refs. [38–40]

• Optical signature of molecular level
strain effects
• 1.2 eV band arising from superposition
of V4+ d → d and V4+ → V5+ charge
transfer excitations
• Weakly metallic in ion substituted
compounds
• Localized bound carrier excitation
in ion substituted compounds rather
than Drude free carrier response due to
inhomogeneous charge disproportionation
and electron-electron correlation effects

• VOHPO4 · 21 H2 O
• Refs. [41, 42]

• Magnetic excitations activated via
Dzyaloshinskii-Moriya interactions
• Weak local symmetry breaking near
180 K
• Enhance low-temperature hydrogen
bonding near 180 K, driving phase transition
• ∼1.5 eV color band derived from crystal
field splitting of the V4+ 3d levels, with
low temperature trends consistent with
improved hydrogen bonding

•
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
• Refs. [43, 44]

• Overall redshift of electronic structure,
growth of bound carrier localization, and
softening of Mn-O stretching and bending
modes through spin-glass insulator to
ferromagnetic metal transition
• Exploiting magnetic field driven metal
to insulator transition is a better way
to achieve high energy magnetodielectric
effect
• Room temperature high energy magnetodielectric effects
• High energy magnetodielectric effect
over 100% near 0.8 eV at low temperature
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the metal substituted nanoscrolls rather than a metallic response that was predicted
by theory. [47] This bound carrier excitation is localized in the far-infrared due to a
combination of inhomogeneous charge disproportionation and electron-electron correlation effects. We propose an alternate band filling picture that accounts for the
charge localization. Analysis of the vibrational properties shows that the aforementioned V-O-V equatorial stretching modes redshift with ion substitution, indicating
that ion exchange modifies both the local curvature and charge environment. Charge
effects also redshift several high energy electronic excitations. [40]
The low-dimensional vanadates VOHPO4 · 21 H2 O attracted our attention as model
system for fundamental investigations of low-dimensional quantum spin interactions
and practical applications in the area of catalysis. [48–53] VOHPO4 · 12 H2 O is a twodimensional material. Each layer consists of face-sharing vanadium oxide octahedra,
corner-linked by hydrogen phosphate tetrahedra in the ab-plane. Here, we are mostly
interested in the spin-phonon coupling, structural transition, and hydrogen bonding
effects. We invoke a dynamic Dzyaloshinskii-Moriya mechanism to explain the activation and polarization dependence of the singlet-to-triplet gap in the far-infrared
response, and we identify the low-energy phonons that likely facilitate this coupling.
Vibrational mode splitting of the title compound also points toward a weak local
symmetry breaking near 180 K, and the low-temperature redshift of V-O and H-O
related modes demonstrates enhanced low-temperature hydrogen bonding. [41] We
also investigate the optical properties of VOHPO4 · 21 H2 O at variable temperature.
VOHPO4 · 21 H2 O displays a strong color band centered at ∼1.5 eV that derives from
excitations between crystal field split 3d levels of the V4+ centers. These features redshift with decreasing temperature, indicative of enhanced low temperature hydrogen
bonding between layers.
Substituted perovskite manganites have attracted considerable attention due to
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their exotic magnetic, electronic, and optical properties. These properties derive from
the many competing ground states of the complex phase diagram, strong coupling
across different energy scales, and the presence of an inhomogeneous texture. [4, 6, 7]
The manganite of interest here is (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , which crystallizes in
a body-centered tetragonal structure (space group I4/mmm). [54, 55] It is wellsuited for fundamental magnetodielectric properties investigations, [37, 56, 57] extending the Tomioka-Tokura electronic phase diagram picture, [8] and testing oscillator strength sum rules. [58, 59] We measured the magneto-optical response of
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 in order to investigate the microscopic aspects of the magnetic field driven spin-glass insulator to ferromagnetic metal transition. Application of a magnetic field recovers the ferromagnetic state with an overall redshift of
the electronic structure, growth of the bound carrier localization associated with
ferromagnetic domains, development of a pseudogap, and softening of the Mn-O
stretching and bending modes that indicate a structural change. We discuss fieldand temperature-induced trends within the framework of the Tomioka-Tokura global
electronic phase diagram picture and suggest that controlled disorder near a phase
boundary can be used to tune the magnetodielectric response. [43] By exploiting the
electronic mechanisms, we observed high energy magnetodielectric effect response in
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , behavior that results from a magnetic field driven spinglass insulator to ferromagnetic metal transition. The size of the dielectric contrast
depends on energy and it is as large as ∼100% near 0.8 eV. Remnants of the transition
also drive the high energy magnetodielectric effect at room temperature. [44]
The remainder of the dissertation is organized as follows. The second chapter
discusses the infrared and optical techniques, and the interaction of light with solids.
Chapter 3 gives a literature survey of selected interesting properties of transition
metal oxides. Chapter 4 presents our optical investigations of vanadate nanoscrolls,
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focusing on strain and doping effects. Chapter 5 is devoted to the experimental and
theoretical results of VOHPO4 · 21 H2 O, focusing on hydrogen bonding, spin-phonon
coupling, and magnetic excitations. Chapter 6 details the magneto-optical investigation of the field-induced spin-glass insulator to ferromagnetic metal transition
in the bilayer manganite (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , with the goal of understanding
phase competition, spin-charge-lattice coupling, controlling disorder near the phase
boundary, and the high energy magnetodielectric effect. Chapter 7 summarizes my
work.
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Chapter 2
Experimental and Theoretical
Techniques
2.1

Introduction

When a solid is subject to electromagnetic radiation of intensity I0 , the intensity of
this beam is attenuated after passing through the sample. Several processes, such
as absorption, reflectance, and scattering, contribute to the attenuation. Infrared
and optical spectroscopies analyze reflectance or transmittance of the sample as a
function photon energy. If infrared and optical reflectance is done over a wide frequency range, a Kramers-Kronig analysis can correlate the measured data to the
dielectric function, ²(ω). [29] At the same time, the dielectric response is directly
related to the electronic structure and lattice dynamics of a solid. We can extract
the optical constants including optical conductivity (σ1 (ω)), plasma frequency (ωp ),
effective mass (m∗ (ω)), oscillator strength (S), and relaxation time (τ (ω)). These
parameters often provide insight on the intrinsic properties of solids. Experimentally, the reflectance (R(ω)) and/or transmittance (T (ω)) are often carried out with
combination of several light sources, spectrometers, and detectors. This chapter will
12

describe the experimental and theoretical techniques used in our spectroscopic work.

2.2
2.2.1

Optical Properties of Solids
Maxwell’s Equation and Optical Constants

The theoretical description of the interaction of radiation with matter and the analysis of the experimental results are based on Maxwell’s equations and on their solution for time-varying electric and magnetic fields. In the long wavelength limit, the
propagation of electromagnetic wave can be described by the macroscopic Maxwell’s
equations: [29]
∇ · D = 4πρext

(2.1)

1 ∂B
c ∂t

(2.2)

∇·B=0

(2.3)

1 ∂D 4π cond 4π ext
+
J
+
J ,
c ∂t
c
c

(2.4)

∇×E=−

∇×H=

where E and H are the electric and magnetic fields, D and B are the displacement
field and magnetic induction, Jcond are free-current density, and Jext and ρext are
current and charge density induced by external force. In an anisotropic medium, the
polarization and induced currents generally lie in a direction different from that of
the electric field. We can represent the dielectric function as a tensor to solve this
problem. For simplicity, in the isotropic media and within the linear approximation,
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we can assume

D = ²E

(2.5)

B = µH

(2.6)

Jcond = σE,

(2.7)

where ² is the dielectric function, and σ is the optical conductivity, and µ is the
magnetic permeability. Here both ² and σ are scalar quantities rather than tensors
for the isotropic and homogeneous media.
The complex refraction index [29]

N (ω) = n(ω) + iκ(ω),

and the complex dielectric function

²(ω) = ²r (ω) + i²i (ω),

where n and κ are the refractive index and the extinction coefficient, and N (ω) and
²(ω) are related by the following equation

N (ω) =

p
²(ω).

(2.8)

Finally, solving Maxwell’s equation 2.1-2.4 for a plane wave

E = E0 exp[i(q · x − ωt)]

(2.9)

gives the following relation,
²(ω) = 1 +
14

iσ(ω)
,
ω²0

(2.10)

Table 2.1: Relationships between the various response function ²(ω), σ(ω), and N (ω)
Dielectric constant ²(ω)

Conductivity σ(ω)

Refractive index N (ω)

² = ²1 + i²2
2
σ1 = ω²
4π
ω
σ2 = (1 − ²1 ) 4π
1
2
n = ( 2 ((²1 + ²22 )1/2 + ²1 ))1/2
k = ( 21 ((²21 + ²22 )1/2 − ²1 ))1/2

2
²1 = 1 − 4πσ
ω
4πσ1
²2 = ω
σ = σ1 + iσ2
2 2
n
=
( 21 (((1 − 4πσ
+
ω )
4πσ1 2 1/2
4πσ2
1/2
( ω ) ) + (1 − ω )))
2 2
n
=
( 12 (((1 − 4πσ
+
ω )
4πσ2
4πσ1 2 1/2
1/2
( ω ) ) − (1 − ω )))

²1 = n2 − k 2
²2 = 2nk
σ1 = nkω
2π
ω
σ2 = (1 − n2 + k 2 ) 4π
N = n + ik

or
²(ω) = ²1 (ω) + i²2 (ω) = ²1 (ω) +

4πiσ1 (ω)
ω

(2.11)

where σ1 (ω) is the frequency dependent (optical) conductivity. In the case of weak
absorption, ²1 = n2 − k 2 ≈ n2 , and v ≈ c/n, the absorption coefficient α can be
written as
α=

4πσ
4πσ
=
²1 v
nc

(2.12)

Table 2.1 lists the relationships between the various response functions.

2.2.2

Kramers-Kronig Analysis and Sum Rules

The dielectric function can be derived by Kramers-Kronig transformation of the
reflectance spectrum.
The reflectivity is defined as:

r=

Er
Na − Nb
=
,
Ei
Na + Nb
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(2.13)

where Na and Nb are refraction indices of medium a and b. When the light is incident
from vacuum onto a sample surface at normal incident, which means that Na =1, and
Nb =N =n+iκ, the power reflectance is given by
R(ω) = rr∗ =

(1 − n)2 + κ2
.
(1 + n)2 + κ2

(2.14)

The power reflectance R(ω) and phase-dispersion shift φ(ω) are related by KramersKronig transformation: [29]
ω
φ(ω) =
π

Z

∞
0

0

lnR(ω) − lnR(ω ) 0
dω .
ω02 − ω2

(2.15)

Since reflectivity
r=

√

Reiφ ,

(2.16)

and combining Eqs. 2.14, 2.15, and 2.16, n and k can be determined by R(ω) and
φ(ω). Then from Eqs. 2.8 and 2.11, the real part of dielectric function and the real
part of optical conductivity can be determined:

σ1 =

²1 = n2 − k 2

(2.17)

ω²2
ωnk
=
.
4π
2π

(2.18)

In Eq. 2.15, the integration is from zero to ∞. Since our optical measurements usually
cover the frequency range from far-infrared to ultraviolet, a proper extrapolation
should be used. In this dissertation, in the low-frequency range, Hagen-Rubens
relation, R(ω) = 1 − (2ω/πσ0 )1/2 , is used for metallic material; the low-frequency
reflectance was extrapolated as a constant for semiconductor; in the high frequency,
the optical response is mimicked by R ∼ ω −α , where α varies from 0-4 and can be
determined by comparing the absorption and calculated optical conductivity.
16

Together with physical arguments about the behavior of the response in certain
limits, the Kramers-Kronig relation can also be used to derive sum rules. That is
Z

∞
0

2.2.3

ω 0 Im(−1/²(ω 0 ))dω 0 = 1/2πωp2 .

(2.19)

Lorentz and Drude Models

The dielectric function can be modeled by three parts:

² = ²∞ + ²f ree + ²bound ,

(2.20)

where ²f ree is the contribution from free electrons, and ²bound is contributed from
bound carriers.
The model to describe the contribution of free carriers to the dielectric function
is called the Drude model, and the contribution of bound electrons is modeled with a
Lorentz oscillator. Both models are essentially deducted from the dielectric function
of a harmonic oscillator with frequency ω0 responding to an electromagnetic field,
with ω0 =0 for the Drude model. [29]
The form of the Lorentz dielectric function is:

² = ²∞ +

X

where the plasma frequency

2
ωpj
,
ωj2 − ω 2 − iωγi j

r
ωp =

4πN e2
,
m

(2.21)

(2.22)

and ωj and γj are the resonant frequency and damping constant, respectively, of the
j th Lorentzian oscillators.
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From Eqs. 2.21, taking ωj =0, we have the form of the Drude dielectric function

²D (ω) = ²∞ −

ωp2
ω 2 + iω
τ

(2.23)

where τ =1/γ is the mean free time between collisions.

2.3
2.3.1

Spectrometers
Bruker IFS 113v Fourier Transform Infrared Spectrometer

The majority of the far-infrared (30-600 cm−1 ) and middle infrared (500-5000 cm−1 )
reflectance and transmittance spectra in this work were obtained by using Bruker
IFS 113v Fourier Transform Infrared (FTIR) spectrometer. The schematic of the
optical components of the Bruker IFS 113v FTIR spectrometer is illustrated in Fig.
2.1. The spectrometer is divided into four chambers – source, interferometer, sample,
and detector. Light from the source chamber is focused on the beamsplitter at a small
angle of incidence, and is split into two beams, i.e., one reflected and one transmitted.
Both reflected and transmitted beams go to a moving two-side mirror, which gives a
path length difference. Then the two beams are recombined at the beamsplitter and
directed through the sample chamber to the detector. The entire system is operated
under vacuum.
a) Interferometer and beamsplitter
The Bruker IFS 113v uses Genzel-type interferometer, which is similar to a
Michelson interferometer. A Michelson interferometer is illustrated in Fig. 2.2.
Here, the incident beam is split into two parts by a beamsplitter. Half of the radiation transmitted by beamsplitter is reflected from the movable mirror M2 . The other

18

Figure 2.1: Optical layout of the Bruker 113V FTIR spectrometer.
A. Source Chamber; a- Tungsten lamp, Hg arc lamp, glowbar; b- automated aperture. B.
Interferometer Chamber; c- optical filter; d- automatic beamsplitter changer; e- two-sided
moving mirror; f- control interferometer; g- reference laser; h- remote control alignment
mirror. C. Sample Chamber; i- sample focus; j- reference focus. D. Detector Chamber; kfar- and middle infrared deuterated triglycerine sulfate (DTGS) detector, far-infrared Si
bolometer detector.
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Figure 2.2: Schematic diagram of the Michelson interferometer
half is reflected onto the fixed mirror M1 . Both beams are recombined again at the
beamsplitter, and recorded by detector D. The intensity of the recombined beams
I(x) (interferogram function) depends on the path difference between the fixed mirror M1 and the moving mirror M2 . The plot of I(x) as a function of path difference
x is known as an interferogram. If M2 travels at a constant velocity, the relation
between interferogram function I(x) and the source intensity B(ω) is given by
Z

∞

I(x) = 1/2

B(ω)cos2πωdx,
0

where ω is the frequency in wavenumbers. I(x) is the cosine Fourier transform of
B(ω), and contains complete information about the spectrum. Thus, the Fourier
transform of the interferogram gives the single beam infrared spectrum. The typical
transmittance or reflectance spectrum is the ratio spectrum of sample to reference.
In the Bruker IFS 113v, a secondary laser/white light interferometer physically attached to the main Genzel-type interferometer (as shown in Fig. 2.1) provides an
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Table 2.2: Bruker IFS 113v operating parameters

Range (cm−1 )

Beam splitter

Opt. Filter

Source

Polarizer

Detector

10-50
30-120
50-240
100-600
450-4000

Mylar 50 µ
Mylar 23µ
Mylar 12µ
Mylar 3.5µ
KBr

Black PE
Black PE
Black PE
Black PE
open

Hg arc
Hg arc
Hg arc
Hg arc
Globar

1
1
1
1
2

bolometer, DTGS
bolometer, DTGS
bolometer, DTGS
bolometer, DTGS
DTGS

PE = polyethylene. Polarizer 1 = wire grid on oriented PE, Polarizer 2 = wire grid on AgBr

“optical marker” to initiate the start of spectrum data acquisition and also to precisely determine the optical path difference and speed of the main moving mirror.
The design is essential for accurate Fourier transformation.
b) Source, beamsplitter, detector, and accessories
In order to obtain the best far- and middle-infrared spectrum, we have to choose
the appropriate combination of sources, beamsplitters, detectors, and polarizers.
Table 2.2 lists the typical operating parameters.
Typically, an external He-cooled Si bolometer detector made by INFRARED
Laboratory Inc. is used for far-infrared measurements. The intensity of a blackbody source becomes very weak in the far-infrared region, and the room-temperature
DTGS detector does not have sensitivity to provide sufficiently high signal-to-noise
ratio. The INFRARED Laboratory Inc. bolometer provides a much higher sensitivity (100 times better than DTGS) and lower noise level (less than 1% at liquid
helium temperature).
The spectra taken with different beamsplitters are merged together to give the
whole spectrum in the far- and middle- infrared. The spectrum can be merged with
the data taken with the Perkin-Elmer λ-900 spectrometer, if necessary.
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Table 2.3: Bruker IRscope II operating parameters

2.3.2

Beam splitter

Detector

Range (cm−1 )

KBr
Quazi
Quazi

MCT
InPb
Si diode

600-8000
7500-12500 with near-infrared polarizer
12300 -16000 with visible polarizer

Bruker Equinox 55 IR Microscope

The Bruker IR Scope II is designed for accurate measurement of micro samples, or
small areas on larger samples. In our lab, Bruker IRscope II combined with Bruker
Equinox 55 FTIR spectrometer can be used to obtain the spectrum from the middleinfrared to visible range. It is ideal for small crystals, small edges of a crystal, and
checking the absolute reflectance level obtained on the other instruments.
Bruker Equinox 55 FTIR spectrometer is equipped with a Globar source, two
beamsplitters, and a DTGS detector. It has an external port to transfer the incident
light to the IRscope II. IRscope II has three objectives (4×, 15×, and 30×), and
several detectors (MCT, InPb, and Si diode) to cover the energy range from 60016000 cm−1 .
Figure 2.3 shows the optical path of Bruker IRscope II. The IRscope II can
measure reflectance or transmission of the sample by changing the orientation of
mirror 22. The infrared or visible mode can be chosen depending on the orientation of
mirror 3 (reflectance mode) or 17 (transmission mode). The detector can be changed
by flipping mirror 13. Table 2.4 lists the operating parameters of Bruker Equinox 55
FTIR spectrometer combined with IRscope II. The spectrometer is operated under
N2 purge.
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Figure 2.3: Optical path diagram of Bruker IRscope II.
1,16-visible light source; 2,19- visible light aperture; 3,22- motorized switch mirror; 4,18optional iris or knife edge aperture; 5,9,10,17- beamsplitter changer; 6- Objective lens; 7Sample; 8- Iris or knife edge aperture which defines the area of sample analyzed; 12- binocular eyepiece; 13- two position detector selection mirror; 14- mirror routing to detector; 15detector; 20- condenser; 21- IR beam (from spectrometer); 23,24-camera port; 25,26,27polarizer.
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Figure 2.4: Optical layout of Perkin-Elmer λ-900

2.3.3

Perkin-Elmer λ-900 Spectrometer

The near-infrared (NIR)/Visible (Vis)/Ultraviolet (UV) spectra in this dissertation
were measured on the Perkin-Elmer λ-900 Spectrometer. The Perkin-Elmer λ-900
Spectrometer features an all-reflecting, double-monochromator, double-beam optical
system. The energy range covered by the λ-900 Spectrometer is 3300-190 nm (≈
3000-52000 cm−1 ). The spectrometer is operated under nitrogen purging. The optical
system is depicted schematically in Fig. 2.4.
There are two radiation sources, a deuterium lamp (DL) and a halogen lamp (HL).
Halogen lamp is used for NIR and Vis range, and deuterium lamp is used for UV
range. Source change is controlled by flipping mirror M1. The radiation of source is
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Table 2.4: λ-900 operating parameters
Monochromator

Source

Detector

Range (cm−1 )

Holographic Gratings
Holographic Gratings
Holographic Gratings

Halogen Lamp
Halogen Lamp
Deuterium Lamp

PbS
Photomultiplier
Photomultiplier

3100-14250
11240-31330
31330-52000

reflected by mirror M2, M3, and passes optical filter FW. Then, the beam is brought
in monochromator I through M4, slit SA, and M5. Depending on the desired wavelength range, the collimated radiation beam strikes either the 2400 lines/mm grating
or the 1200 lines/mm grating. The rotation position of the grating effectively selects
a segment of the spectrum, reflecting this segment to mirror M5, to go through the
exit slit, and enter Monochromator II. The advantage of the double-monochrometer is
to maintain high spectral purity with an extremely low stray radiation content. The
automatic grating change during monochromator slewing avoids the time-consuming
re-alignment of the optics pathway due to themonochromator change.
The double beam is achieved via the chopper assembly C. As the chopper rotates,
a mirror segment, a window segment and two dark segments are brought alternately
into the radiation beam. When a window segment enters the beam, radiation passes
through to mirror M9 and is then reflected via mirror M10 to create the reference
beam (R). When a mirror segment enters the beam, the radiation is reflected via
mirror M100 to form the sample beam (S). When a dark segment is in the beam
path, no radiation reaches the detector, permitting the detector to create the dark
signal (D). Then, the measured spectrum is expressed as

spectrum = (S − D)/(R − D).
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Figure 2.5: Reflectance set-up for (a) Bruker IFS 113v FTIR and (b) Perkin-Elmer
λ-900
Two detectors are used in the Perkin-Elmer λ-900 spectrometer. A photomulitplier (PM) is used in the UV/Vis range while a lead sulfide (PbS) detector is used in
the NIR range. Detector change is automatic by rotating mirror M14 during scans.

2.3.4

Reflectance Stage and Polarizers

To measure the absolute reflectance spectrum, a reflectance stage (as shown in Fig.
2.5) is used to bring the near normal incident (< 60 ) light to a solid sample or
reference mirror. An aluminum mirror is usually used as a reference material to
obtain a baseline scan, then the reflectance spectrum of the sample is measured
relative to the baseline. The absolute reflectance spectrum of the sample is obtained
by renormalizing the measured spectrum with absolute Al mirror reflectance.
The optical theory outlined in Section 2.2 is based on Maxwell’s equations 2.1–
2.4 and Eqs. 2.5–2.7. The Eqs. 2.5– 2.7 is the material equations for an isotropic
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~ and E
~ are related by the following form:
medium. In an anisotropic crystal, D

Dx = ²xx Ex + ²xy Ey + ²xz Ez ,

(2.24)

Dy = ²xy Ex + ²yy Ey + ²yz Ez ,

(2.25)

Dz = ²zx Ex + ²zy Ey + ²zz Ez .

(2.26)

The nine qualities ²xx ²xy , ...are constants of the medium, and constitute the dielectric
tensor. It is always possible to find a set of axes, the principle dielectric axes, such
that the complex dielectric tensor can be put into diagonal form, i.e.,
¯
¯
¯ ²xx 0
0
¯
¯
²(q, ω) = ¯¯ 0 ²yy 0
¯
¯
¯ 0
0 ²zz

¯
¯
¯
¯
¯
¯.
¯
¯
¯
¯

(2.27)

~ and E
~ have the same directions. Since the dielectric
Along the principle axes, D
tensor varies with frequency, the directions of the principal axes may also vary with
frequency. This dispersion of the axes can arise only in crystals with monoclinic and
triclinic symmetry. In the reflectance experiment on single crystals, the principal axes
can be determined by considering the crystal shape and measuring the polarization
dependence of the reflectance response.
To find the dielectric tensor along the principle axes of the single crystals, a
~ is required. The polarized light is obtained by
polarized electric field of the light E
inserting a polarizer in the path of the beam. Several polarizers are used to cover the
spectral range from far-infrared to UV. In the infrared, the polarizers used are made
of a gold wire grid, vapor deposited on polyethlylene (far-infrared) or silver bromide
substrates. A set of plastic Polariod film polarizers are used for the IR microscope.
In the NIR/Vis/UV range, dichroic Glan-Thompson and Glan-Taylor polarizers are
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used for Perkin-Elmer λ-900.

2.4
2.4.1

Low-Temperature and High-Field Measurements
Low-Temperature Techniques

The low-temperature measurements were carried out with an open-flow cryostat.
For the low-temperature experiments with the Bruker IFS 113v and Perkin-Elmer
λ-900, an APD LT-3-110 Heli-Tran Liquid Transfer Refrigeration system with dual
temperature sensors together with a Lakeshore Model 330 temperature controller
were adapted. The principles of operation are illustrated in Fig.2.6. Cooling is
accomplished by a controlled liquid He transfer through a high efficient transfer line
to a heat exchanger adjacent to the sample interface. A needle valve at the end of the
Heli-Tran transfer line permits precise control of the flow rate. The cooling rate can
be regulated by changing the pressure of the supply dewar, adjusting the flowmeter
and optimizing the position of the needle valve. It often takes about 25 minutes to
precool the system, and the lowest stable temperature obtained is ∼ 5 K.
To improve the thermal contact, crycon grease is placed between the cold stage of
the cryostat and the sample holder, and the sample is mounted on the sample holder
with GE Varnish and silver paste. There are two thermal sensors inside the cryostat,
one is embedded in the tip of the cold stage, the other one is mounted on the sample
holder. In this configuration, the temperatures provided by the two sensors allow us
to estimate the real sample temperature.

2.4.2

Experimental Set-up at the NHMFL

The National High Magnetic Field Laboratory (NHMFL) provides a great opportunity to do magnet-related research. The world record magnets and magneto28

Figure 2.6: Set-up of LT-3-110 Heli-Tran liquid transfer line and cryostat.
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Figure 2.7: A schematic of IR set-up in the resistive magnet at NHMFL (after
Ref. [60]).
optics facilities at NHMFL make it possible to investigate the unusual nature of
low-dimensional solids in very high magnetic fields. For more information, visit the
website of NHMFL at http://www.nhmfl.gov. The information in this section is
largely from NHMFL website and Refs. [60–62].
Figure 2.7 shows a schematic of the infrared set-up for the transmission measurement in the 30 T resistive magnet. The infrared radiation provided by a Bruker
113v FTIR spectrometer is reflected out of the back sample chamber by an off-axis
parabolic mirror. Another mirror in the light pipe further diverts the beam by 90◦
and focuses the beam onto the sample which is located in the middle of the probe.
The transmitted light is finally collected by a Si-doped Bolometer and transformed
into an electric signal. The signal is amplified and sent back to the Bruker to be
processed by the computer. For the measurement in the NIR/Vis/UV range, a
MacPherson 0.75m single grating monochrometer/spectrometer with a CCD camera
or Ge detector is used to cover the energy range from 300-1600 nm, and the light is
30

Figure 2.8: A schematic of (a) the transmittance probe used in the resistive magnet,
and (b) the reflectance probe in the superconducting magnets (after Ref. [60]).
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transferred in and out of the probe by appropriate optical fibers. Similar set-up can
be used for the reflectance measurement with a different type of probe. Figure 2.8
displays the schematic representation of the transmittance probe used in the resistive
magnet and the reflectance probe designed for the superconducting magnet.

2.5

Materials of Interest and Measurement Details

2.5.1

Vanadium Oxide Nanoscrolls

The vanadium oxide nanoscrolls were provided by M. Stanley Whittingham’s group
from Binghamton University, State University of New York. These nanoscrolls were
prepared by an initial sol-gel reaction followed by hydrothermal treatment [63, 64].
V2 O5 and an appropriate amine template (Cn H2n+1 NH2 with n = 4 - 18) were mixed
in a 1:1 molar ratio in ethanol and stirred for 3 hours in air. The mixture was then
hydrolyzed under vigorous stirring followed by aging, which led to the formation of a
yellow suspension. Subsequent hydrothermal treatment for 7 days resulted in a black
powder. The product was washed with ethanol, diethyl ether, and water to remove
excess amine and any decomposed products. The material was then dried under
vacuum at 80 ◦ C for twelve hours. The nanoscrolls were prepared with a variety
of different amine templates, allowing control over the sheet distance. Ion exchange
was preformed by stirring a mixture of vanadate nanoscrolls and MCl2 (M=Mn, Zn,
and Na, molar ratio 1:4) for 2 hours in ethanol/water mixture (4:1 by volume). The
resulting mixture was centrifuged and washed with water, ethanol and diethyl ether.
The product was then dried in the vacuum at 80 ◦ C for twelve hours. The tubular
morphology of the product was confirmed by transmission electron microscopy, and
the sheet distance was determined by x-ray diffraction. For the pristine compounds,
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Figure 2.9: Typeical TEM images of vanadate nanoscrolls (left) showing open ends
and Mn2+ substituted nanoscrolls (right). The layered structure inside the vanadate
scrolls appears as alternating narrow dark and broad bright lines. (after Ref. [64])
the sheet distance varied between ∼15 and 35 Å. Figure 2.9 displays TEM images of
pristine and ion substituted nanoscrolls.
Transmittance measurements
The vanadate nanoscrolls were mixed with pure KCl powder and pressed at 20,000
psi under vacuum to form isotropic pellets for transmission measurements. The compounds were evenly suspended in the KCl matrix. Different loading levels (∼0.05,
0.03, and 0.02% by weight) were employed as needed to obtain optimum sensitivity
over the full energy range of our investigation. The middle and near infrared transmittance spectra were measured with a Bruker Equinox 55 FTIR coupled a Bruker IR
Scope II. The near-infrared, visible, and near-ultraviolet spectra were measured with
a modified Perkin-Elmer λ-900 spectrometer. Low temperature experiments were
carried out with an open-flow cryostat. Spectral resolution is 2 cm−1 in the infrared
range and 2 nm in the near-infrared, visible, and near-ultraviolet. The absorption
1
spectrum was calculated from the transmittance as α(ω) = − hd
lnT (ω), where h is
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the loading of vanadate nanoscrolls in the KCl matrix, and d is the pellet thickness.
Reflectance measurements
The vanadate nanoscrolls were also pressed into pellets for near normal reflectance
measurements. Here, no matrix material was used. The spectroscopic experiments
were carried out over a wide energy range (4 meV - 6.2 eV; 30 - 50000 cm−1 ) using
a series of spectrometers including a Bruker 113V Fourier transform infrared spectrometer, a Bruker Equinox 55 Fourier transform infrared spectrometer equipped
with an infrared microscope, and a Perkin Elmer Lambda 900 grating spectrometer. The spectral resolution was 2 cm−1 in the far and middle-infrared and 2 nm
in the near-infrared, visible, and near-ultraviolet. Aluminum mirrors were used as
references for all measurements. Variable temperature spectroscopies were carried
out between 4.2 and 300 K using an open-flow helium cryostat and temperature controller. The optical constants were calculated by a Kramers-Kronig analysis of the
measured reflectance: ²̃(ω) = ²1 (ω) + i²2 (ω) = ²1 (ω) +

2.5.2

4πi
σ (ω).
ω 1

[29]

VOHPO4 · 21 H2 O

VOHPO4 · 21 H2 O samples are provided by Charlie C. Torardi from DuPont Company. Single crystals of VOHPO4 · 12 H2 O were grown by hydrothermal reaction of
VO2 (99.9%, Aldrich), V2 O3 (Alfa), and 3M H3 PO4 solution in a sealed gold tube
at 500 ◦ C and 3 kbar pressure for 12 hours. The resulting samples were thin and
plate-like, with typical dimensions of up to ∼3×3×0.1 mm3 . Combined x-ray and
infrared techniques were used to orient the crystals. They were easily cleaved along
c.
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Susceptibility Measurement
The magnetic susceptibility χ was measured in a SQUID-based magnetometer (Quantum Design model MPMS-7) in collaboration with James R. Thompson from Oak
Ridge National Laboratory. An oriented single crystal was mounted for measurement
with the magnetic field H applied along the a or b crystallographic direction. The
crystal was mounted between a pair of long, thin-walled plastic tubes whose movement produced no magnetic signal in the pickup coils. Hence, the sample holder
was “invisible” and no background correction was needed. The flat planar crystal
was held in the center of a plastic mounting tube in an essentially background-free
configuration, which was important as the magnetic signal was quite small at low
temperatures. For both crystal orientations, measurements of the magnetization M
as a function of H revealed an accurately linear response that extrapolated through
the origin within statistical uncertainty; this shows that the sample was free of any
ferromagnetic contamination. The differential susceptibility was obtained from the
ratio M/H by measurement in a fixed magnetic field H = 5 kOe. The magnetic
moment of the crystal was measured with both increasing and decreasing temperatures over the range 2 - 300 K. No evidence of thermal (or magnetic) hysteresis was
observed.
Electron Spin Resonance Measurement
The electron spin resonance (ESR) experiments were performed in collaboration
with Sergei Zvyagin from National High Magnetic Field Laboratory, using a Bruker
Elexsys E680X spectrometer at the X-band frequency (9.4 GHz) and at temperatures
between 5 and 200 K. The magnetic field was applied along the c axis.
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Infrared and Optical Transmittance Measurement
Variable temperature transmittance measurements were carried out on single crystals of VOHPO4 · 12 H2 O over a wide energy range (4 meV - 6.2 eV; 30 - 50000 cm−1 )
using a series of spectrometers including a Bruker IFS 113V Fourier transform infrared spectrometer equipped with a bolometer detector, a Bruker Equinox 55 Fourier
transform infrared spectrometer equipped with a microscope attachment, and a modified Perkin-Elmer Lambda-900 grating spectrometer. Our resolution was 0.5 cm−1
in the infrared and 2 nm in the optical regime. Selected infrared measurements were
also carried out with 0.1 cm−1 resolution. For cleaved single crystals, appropriate
polarizers were used to separate the response along the a and b directions. Even with
the thinnest crystals, a number of vibrational bands in the polarized spectra were
saturated. To get the whole spectrum, several crystals were ground with pure KCl
powder and pressed at 20000 psi to form isotropic pellet for unpolarized infrared measurements. The advantage of this technique is that we can adjust the sample loading
to highlight a feature of interest; however, in such measurements, polarization information is lost. The low-temperature spectroscopic measurements were carried out
with a continuous-flow helium cryostat and temperature controller. For peak fitting
purposes, absorbance was calculated from transmittance as - d1 ln T (ω), where T is
the transmittance and d is the thickness of the sample, which is ∼10-100 microns.
Peak positions and integrated oscillator strengths were determined by standard peak
fit procedures.

2.5.3

(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7

(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 samples are provided by Ramanathaan Suryanarayanan’s
group from Université Paris-Sud. Single crystals of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 were
grown from sintered rods of same nominal composition by the floating-zone technique,
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using a mirror furnace. [55] Typical crystal dimensions were ≈4×5×2 mm3 . They
were cleaved to yield a shiny surface corresponding to the ab plane.
Reflectance Measurement
Near normal ab plane reflectance of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 was measured over
a wide energy range (3.7 meV - 6.5 eV) using different spectrometers including a
Bruker 113V Fourier transform infrared spectrometer, a Bruker Equinox 55 Fourier
transform infrared spectrometer equipped with an infrared microscope, and a Perkin
Elmer Lambda 900 grating spectrometer. The spectral resolution was 2 cm−1 in the
far and middle-infrared and 2 nm in the near-infrared, visible, and near-ultraviolet.
Aluminum mirrors were used as references for all measurements. Low temperature
spectroscopies were carried out with a continuous-flow helium cryostat and temperature controller. Optical conductivity was calculated by a Kramers-Kronig analysis
of the measured reflectance. [29]
Field Dependent Measurement
The magneto-optical properties of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 were measured at the
National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL, using a
Bruker 113V Fourier transform infrared spectrometer equipped with a 18 T superconducting magnet and a grating spectrometer equipped with InGaAs and CCD
detectors and a 33 T resistive magnet. Experiments were performed at 4.2 K for
H k c. Selected experiments were also carried out between 4.2 and 300 K in the
spectral range of 0.75 - 3 eV. Data were collected on both increasing and decreasing magnetic field. Upsweep data were plotted here. After each field sweep, the
samples were heated to 80 K to erase the “memory”. The field-induced changes in
the measured reflectance were studied by taking the ratio of reflectance at each field
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and reflectance at zero field, i.e., [R(H)/R(H=0 T)]. To obtain the high field optical constants, we renormalized the zero-field absolute reflectance with the high-field
reflectance ratios, and recalculated σ 1 and ²1 using Kramers-Kronig techniques. [29]
Due to limited coverage of the spectrometers at the NHMFL, the measured data
were spliced together with curve fitting techniques between ∼0.5 and 0.75 eV.
Color Rendering Techniques
Standard color rendering techniques are employed in collaboration with Jason Haraldsen to visualize temperature- and field-induced spectral changes. [65,66] Through
a Kramers-Kronig analysis, one can determine the extinction coefficient as a function
of frequency, κ(ω). The absorption coefficient, α, is calculated as α=4πκ(ω). Here,
the absorption coefficient data are “matched” with the effective absorption using a
proportionality constant (which is typically on the order of the pellet thickness times
the loading). The absorption coefficient needs to be normalized by a constant, K, to
determine the effective absorption of the material. K is dependent on factors such
as the mass fraction and thickness of the transmittance sample. However, because
these are reflectance measurements of a solid material, K is unknown. This constant
can be approximated by an examination of the transmittance of the material or by
normalizing the absorption to a distinct value of color (assuming the color of the material is known). Once K is determined for a material, it is the same for all spectra
and is not dependent on magnetic field or temperature. A comparison of the absorption coefficient to the effective absorption spectrum can be used to render color by
integrating the product of the spectrum with the well-known XYZ color matching
functions to determine the XYZ color values. [65] These XYZ values are converted
into RGB color values and then inverted to determine the color of a material. [65]
The final RGB values allow color rendering.
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Impedance Measurements
Impedance measurements were carried out at 30 kHz, using an Agilent 4284A LCR
meter in a two-wire configuration with the AC current parallel to the applied magnetic field. The high temperature impedance was corrected for the contribution from
the probe, which is negligible at 4.2 K.
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Chapter 3
Current Problems in Transition
Metal Oxides-Literature Survey
Transition metal oxides represent one of the most fascinating categories of inorganic
solids with a wide variety of structures and properties. They can be metallic (such
as RuO2 and LaNiO3 ), insulating (such as BaTiO3 ), ferromagnetic (such as CrO2 ),
ferrimagnetic (such as Fe3 O4 ), antiferromagnetic (such as NiO), ferroelectric (such as
BaTiO3 ), and high-temperature superconducting (such as YBa2 Cu3 O7−x ). [2, 3, 67–
71] These electronic and magnetic properties are tunable with change in temperature,
pressure, chemical composition, or magnetic field, making transition metal oxides
suitable for fundamental investigations as well as many practical applications. In
the following of this chapter, I will review some of the most interesting problems in
transition metal oxides.

3.1

VOx Nanoscrolls

Nanophase materials represent a field of fundamental interest because this unique
class of compounds is connected with interesting solid state physical and chemical
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properties that can be exploited for a variety of practical applications. The tubular
structure provides a high aspect ratio, access to different contact regions, and the
ability to assemble into more complex architectures. These characteristics make nanotubes very promising candidates for the realization of highly functional, effective,
and resource-saving devices such as single electron transistors, sensors, capacitors,
and storage/release systems. The discovery of carbon nanotubes revolutionized fundamental science at the nanoscale. [72] More recently, the synthesis of inorganic
fullerene-like materials such as MoS2 , WS2 , BN, TiO2 , NiCl2 , VOx , and NbS2 has
attracted attention. [12–24]
The electronic structure and vibrational properties of inorganic fullerene-like materials are of great current interest. Theoretical predictions of strain energy, optical
gap, and electronic structure have focused on Si- and P-based tubes, NbS2 , MoS2 ,
WS2 , GaN, GaSe, as well as BN nanostructures. [73–80] In GaSe, GaN and MoS2 ,
the energy gap is predicted to increase toward the bulk value as the tube diameter increases, whereas the strain energy decreases with increasing tube diameter. [73,74,79]
Figure 3.1 displays representative theoretical predictions of stain energy and gap in
GaSe and MoS2 nanotubes. In BN nanotubes, vibrational property predictions suggest that the modes will redshift with increasing tube diameter. [81] The frequency of
the radial breathing mode is of special interest and is predicted to increase with decreasing tube diameter. [81] Broad and complementary spectroscopic measurements
of inorganic fullerene-like materials have been more sparse. The optical properties
of selected model materials (MoS2 , WS2 , and a selected VOx ) have been studied
over a limited energy range. [82, 83] In tubular MoS2 and WS2 , the gap is lower
than the corresponding bulk material, in line with the aforementioned theoretical
predictions. [82] Infrared spectroscopy of bulk and nanoparticles WS2 demonstrates
that the intralayer effective charge increases slightly in the inorganic fullerene-like
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(a)

(b)

(c)

(d)

Figure 3.1: (a) Plot of strain energy vs. nanotube size which is given by the number of
unit cells around the circumference for GaSe (n, 0) tubes. (after Ref. [73]) (b) Energy
gap (eV) for the GaSe (n, 0) nanotubes calculated within the tight binding approach.
(after Ref. [73]) (c) Calculated strain energies of MoS2 nanotubes (energy per atom
relative to the infinite single MoS2 triple layer) as a function of tube diameter in Å.
(after Ref. [74]) (d) Calculated gap energies of MoS2 nanotubes as a function of tube
diameter in Å. (after Ref. [74])
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material compared to that in the bulk. [84] Photoluminescence emission of Y2 O3 :Eu
nanotubes is also different from that in the bulk, displaying important surface structure and excitation wavelength effects. [85] Vibrational property measurements show
broadened (MoS2 , WS2 , HfS2 ), [87] red-shifted (CdSe), [86] or identical (NbSe2 )
phonon modes compared with analogous bulk materials. [87]
Among the transition metal oxides, vanadates show particularly rich chemistry
due to the tunable vanadium oxidation state and flexible coordination environment,
which ranges from octahedral to square pyramidal to tetrahedral with increasing
vanadium oxidation state. [45] Vanadium oxides form many layered and nanoscale
compounds with open-framework, making them prospective materials for ion intercalation, exchange, and storage. [27, 88–90] The nanoscale vanadates, (amine)y VOx
of interest here are mixed-valent with x ∼ 2.4. These compounds are actually
scrolls, consisting of vanadate layers between which organic molecules are intercalated. [26, 27, 63, 88, 91] The size of the amine or diamine template determines scroll
winding, providing an opportunity to tune the size of these materials. The typical
scrolls are ∼15-100 nm in diameter, containing up to 30 vanadium oxide layers (inset
of Fig. 3.2(a)). The exact crystal structure is complicated and is not completely
understood. Figure 3.2(a) shows a representative x-ray powder diffraction pattern
for the (C12 H25 NH3 )y -VOx scrolls. The (00l) reflections from the vanadium oxide
layers are clear, but the (hk0) reflections from the atomic structure within each layer
are weak. The latter indicates a possible tetragonal lattice of basal repeat size 6.144
Å, closely related to that of BaV7 O16 , which has a planar structure of basal size
6.160 Å. [46] The arrangement in BaV7 O16 is shown in Fig. 3.2(b). [46] It contains
zig-zag chains of edge-sharing VO5 square pyramids. These chains share some corners with each other to form a two dimensional sheet. The sheets also share corners
with VO4 tetrahedra, bringing the two VOx layers together to form a characteristic
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(a)

50 nm

(c)

(b)

Figure 3.2: (a) Representative x-ray powder diffraction scan of (C12 H25 NH3 )y -VOx
scrolls showing only 00l and weak hk0 reflections. The inset displays a representative
TEM image with lattice fringing and a center cavity. (b) Probable double-layer
structure of the VOx scrolls, analogous to the BaV7 O16 model compound. [46] (c)
Close-up view of the local structure around the V centers, showing the arrangement
of octahedra and tetrahedra in the BaV7 O16 model compound. [46]
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double sheet. Figure 3.2(c) displays the local structure around the V centers in the
BaV7 O16 model compound. Each two-dimensional layer contains two octahedrally
coordinated vanadium atoms, V(1) and V(2), with one tetrahedrally coordinated
V(3) occurs in between the layers.
Scrolled vanadates exhibit very interesting physical properties including a large
spin gap, diameter-dependent optical features, and potential battery and optical
limiting applications. [38, 47, 83, 92, 93] Recently, electron- and hole-doped vanadium
oxide nanoscrolls were reported to be 300 K ferromagnets, raising fundamental questions about their magnetic exchange mechanism. [47] The “doping” process was also
predicted to convert the pristine Mott insulating scrolls into a Drude-type metal
via changes in band filling and a simple shift of the Fermi energy. [47] Figure 3.3
displays a possible schematic representation of Mott-Hubbard band splitting in VOx
nanoscrolls and a simple unit-cell model of spin textures. Direct measurement of the
low-energy electronic structure is clearly important to test this prediction. Further,
the rigid band model raises fundamental questions about the chemical nature of the
“doping” or ion exchange process in the scrolled vanadates. [47, 64, 91, 94] To date,
only Mn2+ has been shown to completely replace the organic template, even though
some other ions such as Na+ , Li+ , Zn2+ , Cu2+ , and Ca2+ can partially replace the
amine template. [64, 91, 94] From the chemical perspective, metal intercalation does
not appear as simple as “putting in electrons”; both reduction of V as well as ion
exchange with the proton on the amine are possible.

3.2

Heisenberg Antiferromagnet VOHPO4· 21 H2O

The chemical and structural diversity of vanadium phosphates provides a rich set
of model materials for fundamental investigations of low dimensional quantum spin
interactions, magnetostructural correlations, and practical applications in the area
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Figure 3.3: A schematic representation of Mott-Hubbard band splitting in VOx
nanoscrolls and a simple unit-cell model of spin textures with and without charge
doping. In a Mott insulator, the motion of each particle is hindered by the strong
Coulomb repulsion U from other particles, and in this respect they are very different
from band insulators, in which the Pauli exclusion principle forbids the motion of
electrons. (After Ref. [47])
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of catalysis, large gap scintillators, and electrodes for Li ion batteries. [48–53, 95–98]
The versatility of these materials derives from the flexible vanadium oxidation state
combined with novel architectures involving octahedral vanadium oxide and tetrahedral phosphate building blocks. [48–51] The bridging phosphate tetrahedra have
demonstrated to provide a strong exchange route and mediate the long path magnetic interactions in many vanadium phosphates. From magnetostructural point
of view, Beltrán-Porter et al. also have considered exchange pathways in several
vanadyl phosphates and argued that phosphate tetrahedra pathways may be more
than V-O-V. [48, 51, 52] Figure 3.4 displays schematic representation of the relative disposition of the dominant orbitals within VO6 octahedra and PO4 tetrahedra
networks, demonstrating PO4 tetrahedra play an important role in mediating the
magnetic exchange through π bonding between different vanadium sites.
Vanadyl hydrogen phosphate hemihydrate VOHPO4 · 12 H2 O and its derivative
vanadyl pyrophosphate (VO)2 P2 O7 , are two important prototypes, well-studied as
gaped S = 1/2 Heisenberg antiferromagnets and as a precursor/catalyst for the oxidation of n-butane to maleic anhydride. [50,51,53,99–109] Figure 3.5(a) shows the 300
K ab-plane structure of VOHPO4 · 12 H2 O. [49, 109] Each layer consists of face-sharing
vanadium oxide octahedra, corner-linked by hydrogen phosphate tetrahedra in the
ab-plane. Within each VO6 octahedron, one vanadium-oxygen interaction is stronger
and can be considered a vanadyl group. The vanadyl hydrogen phosphate layers are
stacked along the c axis and held via interlayer hydrogen bonding interactions. At
room temperature, the oxygen atoms that form the vanadium oxide octahedra, phosphate tetrahedra, and associated hydrogen atoms are statistically disordered between
two equivalent positions. At low temperature, these oxygen and hydrogen atoms are
ordered within both layers and between adjacent layers, thus doubling the unit cell
along the c axis and reducing symmetry (from Pmmn to P 21 /c). [49,109] The structure

47

Figure 3.4: Schematic representation of the relative disposition of the dominant orbitals within VO6 octahedra and PO4 tetrahedra networks, showing the maximum π
overlap. PO4 tetrahedra play an important role in mediating the magnetic exchange
between vanadium ions. (after Ref. [99])
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Figure 3.5: (a) 300 K structure of VOHPO4 · 12 H2 O within the ab-plane. This rendering shows pairs of face-sharing vanadate octahedra interconnected by hydrogenphosphate tetrahedra. The dominant spin dimers occur along the a direction. (b)
300 K structure of (VO)2 P2 O7 projected within ab-plane. The alternating spin chain
is along the b axis.

49

of (VO)2 P2 O7 is related to that of its precursor (Fig. 3.5(b)). [101,109] Edge-sharing
pairs of VO6 octahedra are stacked along the a axis to form a two-leg structural
ladder. The ladders are linked by covalently bonded PO4 tetrahedra to form a three
dimensional network with corner-sharing VO6 octahedra.
Magnetostructural correlations and spin models of VOHPO4 · 12 H2 O and (VO)2 P2 O7
have attracted sustained attention. [41,49–52,99–103,106,107,110–112] From inelastic neutron scattering investigations of the magnetic excitations [100–102] as well
as several studies of spin-phonon coupling, [41, 110–112] the spin Hamiltonians and
low-energy dynamics of these materials are well understood. VOHPO4 · 21 H2 O and
(VO)2 P2 O7 are now known to be weakly coupled dimers and alternating chain compounds, respectively. In VOHPO4 · 12 H2 O, alternating vanadium dimers form chains
along the a axis, with V-O-V and V-O-P-O-V superexchange interactions. [100] The
center-to-center distances between the vanadium sites are 3.09 and 4.33 Å, respectively. [49, 50, 100, 109] Interdimer interactions are less than 5% of intradimer exchange. [41] V-O-P-O-V superexchange interactions also connect the VO6 units in
the b direction, although the V-O-P-O-V bond angles and distances are very different
from those along a. In (VO)2 P2 O7 , alternating magnetic chains form along the b axis,
again with both V-O-V and V-O-P-O-V superexchange interactions. [102] Figure 3.6
displays the schematic representation of the structure and magnetic interactions in
VOHPO4 · 21 H2 O and (VO)2 P2 O7 .
Complex hydrogen bonding networks also present in VOHPO4 · 21 H2 O. The vanadyl
hydrogen phosphate layers are stacked along the c axis and held together by two types
of interlayer hydrogen bonding interactions: (1) hydrogens on shared water molecules
interact with the apical oxygen atoms that are bonded to phosphate tetrahedra in an
adjacent layer, and (2) covalently bound hydrogen centers interact with vanadyl oxygen atoms in a neighboring layer. [49] Hydrogen bonding can control both long-range
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(a)

(b)

Figure 3.6: (a) Schematic representation of the structure and magnetic interactions
in VOHPO4 · 12 H2 O. The dominant interaction is through P2 (V-O-P-O-V) pathway.
(after Ref. [100]) (b) Schematic representation of the structure and magnetic interactions in (VO)2 P2 O7 . It is best described as an alternating spin chain rather than
a spin ladder. (after Ref. [102])
and local structure and modulate significant magnetic exchange pathways.

3.3

(La0.4Pr0.6)1.2Sr1.8Mn2O7

Substituted perovskite manganites have attracted considerable attention due to their
exotic magnetic, electronic, and optical properties. These properties derive from the
many competing ground states of the complex phase diagram, strong coupling across
different energy scales, and the presence of an inhomogeneous texture. [4, 6, 7] One
consequence of this complexity is that enormous physical property changes can be
induced by small chemical and physical perturbations. Colossal magnetoresistance
has been observed in doped manganites and has attracted attention at understanding
the electronic and magnetic properties of these materials. [4,7] At low temperatures,
properly doped manganites exhibit ferromagnetic metallic or “badly” metallic be51

havior, while at high temperatures they exhibit a paramagnetic insulating behavior.
The colossal magnetoresistance effect occurred at the transition temperature Tc is
understood to first order within the framework of double exchange theory. [113]
The undoped compounds of the manganites, e.g. LaMnO3 have a 3d4 electronic
configuration. The cubic crystal field splits the degeneracy of the d orbitals into t2g
(dxy , dxz , dyz ) and eg (dx2 −y2 , d3z2 −r2 ) orbitals. The eg orbitals hybridize strongly
with the O 2p states, forming dispersive bands containing the electrons responsible
for the conduction. The t2g orbitals hybridize less strongly to those states and can be
treated as localized core states, with a net spin S=3/2. Substitution of the trivalent
La ions with a divalent ion such as Sr, Ca, or Ba dopes holes into the manganites
and subsequently change the electronic configuration. (from 3d4 to 3d3 ) Figure 3.7(a)
and (b) display schematic representation of Mn3+ and Mn4+ electronic configuration
for LaMnO3 and SrMnO3 , respectively.
Within the double-exchange theory, [4, 7] the hopping amplitude of the eg hole
from one site to another is a function of the relative spin alignment at the two sites,
that is, t̃ = t0 cos(θ/2). (Fig. 3.7(c)) Fully ferromagnetic alignment of the nearest
neighboring spins will give the greatest hopping amplitude t̃ (θ = 0, cos(θ/2)=1)
and the greatest bandwidths, and fully antiferromagnetic alignment will lead to t̃
=0 (θ = 180, cos(θ/2)=0), implying a non-dispersive band with zero bandwidth.
√
The uncorrelated spins will have a reduction in hopping amplitude of roughly 1/ 2.
√
(θ = 90, cos(θ/2)=1/ 2) (Fig. 3.7(d-e)) [4, 7] Therefore, ferromagnetic alignment
will gain kinetic energy and compete with the superexchange energy which favors
antiferromagnetic alignment as well as with the thermal fluctuations which favor
disorder. Slightly above Tc , a large magnetic field tends to align the core (t2g ) spins
and therefore increases the hopping amplitude between eg electrons and driving the
material more metallic. [4, 7]
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Figure 3.7: (a-b) Electronic configuration of Mn3+ and Mn4+ . (c-d) An illustration of the concept of double exchange - the hopping matrix element as a function
of spin alignment. (e) The double-exchange prediction for the bandwidths for the
ferromagnetic and paramagnetic cases. (after Ref. [4, 7])
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Double-exchange alone is not enough to account for the behavior of the manganites. For example, the conductivity in the paramagnetic state is predicted to
0.7 times that of the ferromagnetic state by double-exchange theory, [4] while experimentally the conductivity may decrease several orders of magnitude through the
transition. Other physics such as polaron formation, charge and orbital ordering,
and competing degenerate ground states is necessary to explain these phenomena.
The double-layer manganites of interest here derive from the La1.2 Sr1.8 Mn2 O7
parent compound, crystallizing in a body-centered tetragonal structure (space group
I4/mmm) as shown in Fig. 3.8. [54, 55] These bilayer manganites display a broad
metallic regime, colossal magnetoresistance, Jahn-Teller distortions, metal-insulator
transitions, as well as charge and orbital ordering. [114–116] These materials are
therefore well-suited for fundamental magnetodielectric properties investigations and
are also useful to extend the Tomioka-Tokura electronic phase diagram picture [8]
and test oscillator strength sum rules. [58, 59] Pr substitution of the La sites in
La1.2 Sr1.8 Mn2 O7 yields materials with chemical formula (La1−z Prz )1.2 Sr1.8 Mn2 O7 ,
providing an opportunity to investigate the physical properties of bilayer manganites as a function of disorder without changing the total hole concentration. [55]
Upon increasing Pr substitution (z=0, 0.2, and 0.4), the paramagnetic insulator
to ferromagnetic metal transition temperature, Tc , decreases (120, 90, and 60 K,
respectively). [117] At z=0.6, the transition is actually quenched. [117] This material, (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , is the subject of our present work. Pr substitution
modifies the lattice constants (c/a increases), causes a change in the Jahn-Teller
distortion, induces bound carrier localization in the far infrared, and modifies the
eg orbital occupancy. [117–119] Clearly, the degree of disorder strongly influences
the physical properties. In fact, given that (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is highly disordered, the aforementioned low-temperature paramagnetic insulating state can likely
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Figure 3.8: Crystal structure of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , with O (red/black), Mncontaining octahedra (purple/gray), and the rare/alkaline earth ions (light blue/light
gray). O occupies three different sites, and rare earth/alkaline earth metal have
different coordination numbers depending on whether they occupy perovskite (P) or
rock salt (R) sites. [54,55] Note that the unit cell along the b axis has been replicated
to highlight the layered structure.
be considered to be a spin-glass insulator as well, although variable frequency ac
susceptibility measurements are needed to confirm this picture. [8, 55] The evolution
of chemical-tuning induced states are summarized in Fig. 3.9(a) and compared with
the Tomioka-Tokura electronic phase diagram picture in single layer manganites.
(Figure 3.9(b))
The long-range ordered ferromagnetic state that is suppressed by chemical pressure in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is recovered under magnetic field. This recovery
is evident in the H − T phase diagram deduced from magnetization, magnetostriction, and resistivity measurements. (Figure 3.10(a)) [120, 123–125] Magneto-optical
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Figure 3.9: (a) The electronic phase diagram calculated for (La1−z Prz )1.2 Sr1.8 Mn2 O7
crystals in the plane of effective one-electron bandwidth (rA ) and the magnitude of
quenched disorder (σ 2 ). (b) The global phase diagram of RE1−x AEx MnO3 (x=0.45)
crystals in the plane of rA and σ 2 . (after Ref. [8])
imaging suggests that the high field ferromagnetic metallic state is homogenous, as
shown in Fig. 3.10(b). [121] Neutron scattering demonstrates that the field-induced
ferromagnetic metallic state is very similar to the ferromagnetic metallic state in the
double-layer parent compound, La1.2 Sr1.8 Mn2 O7 . [126] Neutron diffraction studies
show that local structure (Mn-O bond distances and Mn-O-Mn bond angles) and eg
orbital occupancies change dramatically in magnetic field, directly influencing electron hopping between Mn sites. [118,122] Figure 3.10(c) demonstrate the lattice distortion and schematic electronic structure of Mn3+ ions in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
in the field-induced ferromagnetic metallic state at 2 K.
Double layer manganites also attract attention due to potential fundamental investigations as well as practical applications of high energy magnetodielectric effects.
The discovery of magnetoelectric coupling and in particular of the magnetodielectric effect, e.g., field-induced change in dielectric constant ²1 , has attracted attention
56

(a)

(b)
La/Pr/Sr

(c)

Figure 3.10: (a) Magnetic phase diagram of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 in the
(H, T ) plane established from the magnetic measurements (after Ref. [120])
(b) Magneto-optical images of magnetic stripe structures in the ab plane of
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 crystals under H k=2 kOe after applying Hmax =35 kOe
at 10 K. (after Ref. [121]) (c) Lattice distortion and schematic electronic structure
of Mn3+ ions in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 in the field-induced ferromagnetic metallic
state at 2 K. The bottom shows the orbital occupancies of eg electrons, resulting
from polarized neutron diffraction. (after Ref. [122])
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due to both potential utilization in multifunctional devices and the desire to understand the fundamental physics underlying multiferroic materials. [127–134] For
instance, rare earth manganites such as TbMnO3 , HoMnO3 , YMnO3 , and DyMn2 O5
display sizable static magnetodielectric effects at low temperature, demonstrating
that dielectric contrast can be achieved by physical tuning through various magnetic transitions in H − T space. [130, 133, 134] Cubic spinels such as CdCr2 S4 and
HgCr2 S4 present even larger static magnetodielectric contrast, attributed to relaxational dynamics driven by magnetization in the field. [127–129] More recently, 300
K magnetodielectric behavior was reported in mixed valent LuFe2 O4 and attributed
to charge ordering effects. [132] Mn-doped BiFeO3 also exhibits a potentially tunable
room temperature magnetodielectric effect due to enhanced thermal fluctuations near
the Néel temperature. [135] Discovery of large magnetodielectric effects in other materials combined with mechanistic understanding of magnetoelectric cross-coupling is
of fundamental interest and may hold promise for next-generation memory devices.
Static dielectric properties are typically measured in a parallel plate/capacitance
geometry at low frequencies (Hz - MHz). [127, 129, 132] Challenges with this technique include contact problems, potential dead layers, and edge effects. [136, 137]
A contactless technique, such as optical spectroscopy, eliminates these issues. At
the same time, the electromagnetic spectrum is very broad. This opens the possibility of exploiting changes in ²1 over a wide energy range, essentially as a multi(rather than single-) channel information storage system. The high energy magnetodielectric effect was recently discovered by our group in several materials including
inhomogeneously mixed-valent K2 V3 O8 (∼5% at 30 T near 1.2 eV), Kagomé staircase compound Ni3 V2 O8 (∼16% at 30 T near 1.3 eV), and hexagonal multiferroic
HoMnO3 (∼8% at 20 T near 1.8 eV), [9, 37, 138] as shown in Fig. 3.11. In these
materials, the high energy magnetodielectric effect derives from spin-lattice-charge
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Figure 3.11: High energy magnetodielectric contrast in K2 V3 O8 , HoMnO3 , Ni3 V2 O8 ,
and Co3 V2 O8 . [9, 37, 138]
mixing effects. Part of our continuing strategy to increase dielectric contrast centers on the exploitation of electronic mechanisms such as metal-insulator transitions,
charge ordering, and orbital ordering that are known to drive changes in the optical
constants. [139, 140] Metal-insulator transitions are common with decreasing temperature, but they are rarely induced by magnetic field. (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
displays colossal magnetoresistance effects, providing an excellent opportunity for
studying the high energy magnetodielectric behavior.
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Chapter 4
Lattice and Charge Dynamics of
VOx Nanoscrolls
4.1

Electronic Structure of the Pristine VOx Nanoscrolls

Figure 4.1(a) displays the 300 K optical absorption spectrum of (C8 H17 NH3 )y -VOx
scrolls, calculated from a Kramers-Kronig analysis of the reflectance spectrum. [29]
The absorption coefficient was also calculated from the transmittance measurement
and we obtain similar results. The spectrum shows several reproducible, fairly prominent, broad bands, which are centered at ∼1.2, 3.9, 5.0, and 7.0 eV. The feature at
∼1.2 eV is assigned as the superposition of both V d → d and V4+ → V5+ charge
transfer excitations. The features centered at 3.9, 5.0, and ∼7.0 eV are assigned as
O 2p → V 3d charge transfer transitions. The inset shows a close-up view of the
5.0 eV excitation which changes modestly with sheet distance. To find the precise
peak position of these bands, we set the derivative of the curve equal to zero. This
redshift with increasing sheet distance is very unusual, different from traditional
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Figure 4.1: 300 K absorption spectrum of (C8 H17 NH3 )y -VOx scrolls. The inset shows
a close-up view of one of the high-energy excitations, which changes modestly with
sheet distance. In the inset, the curves are offset for clarity. (after Ref. [38])
strain-induced redshifting in other inorganic fullerene-like materials [73–79]. Unfortunately, the challenging crystal structure combined with the lack of theoretical work
on the VOx scrolls precludes a detailed explanation of this trend. We speculate that
the 5 eV excitation is strongly polarized in the radial direction. This supposition can
be checked, once oriented samples are available, and the result may connect it with
the observed sheet distance effect. The optical gap, 2∆, is determined by making a
linear extrapolation of the leading edge of the absorption band down to zero energy.
For (C8 H17 NH3 )y -VOx scrolls, we find 2∆300K ∼0.54 eV. At low temperature, the
gap sharpens and moves to higher energy. The shape of the optical gap is similar to
that of other synthetic metal materials.
As mentioned previously, VOx nanoscrolls consist of vanadate layers between
which organic molecules are intercalated. [26, 27, 63, 88, 91] The size of the amine
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Table 4.1: The optical gap of different VOx nanoscrolls
Material

Sheet Distance(Å)

2∆300K (eV)

2∆4.2K (eV)

(C4 H9 NH3 )y -VOx
(C6 H13 NH3 )y -VOx
(C8 H17 NH3 )y -VOx
(C12 H25 NH3 )y -VOx
(C14 H29 NH3 )y -VOx
(C16 H33 NH3 )y -VOx
(C18 H37 NH3 )y -VOx
Average Value

15.82
17.37
22.98
27.25
29.54
31.38
35.28

0.58
0.59
0.54
0.57
0.58
0.56
0.54
0.56

0.64
0.70
0.58
0.63
0.68
0.70
0.64
0.65

1

The error bar on 2∆ is 5% at 300 K and 3% at 4.2 K

or diamine template determines scroll winding, providing an opportunity to tune
interlayer distance and therefore the size of these materials. The sheet distance dependence of the optical gap is important for understanding the electronic structure
of the VOx nanoscrolls. The effect of tube diameter on the gap has been calculated
for several model materials. In GaSe, GaN and MoS2 , 2∆ is predicted to decrease
from the bulk value with decreasing tube diameter. [73,74,79] This trend can be understood as the strain dependence of the electronic states in these compounds. [87]
However, in our materials, changes in the sheet distance, analogous to the aforementioned tube diameter modifications, have no systematic effect on the optical gap
(Table 4.1). On average, the gap, 2∆, is ∼0.56 eV at 300 K and ∼0.65 eV at 4.2 K.
We suspect that the insensitivity of the optical gap to sheet distance is related to
the large diameter(∼100 nm) of the VOx nanoscrolls. Note that the tube diameters
of GaSe and GaN, for instance, are much smaller than that of the VOx nanoscrolls,
and tube curvature is much more substantial. [73, 79] Upon substitution of different
amine templates, there is only modest change in curvature due to the inherently
large diameter of the VOx scrolls.
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Comparing the absorption spectrum of (C8 H17 NH3 )y -VOx nanoscrolls to that of
other vanadates, we find that the VOx scrolls show a striking resemblance to several
model materials, including VO2 , α0 -NaV2 O5 , and Na2 V3 O7 , (Fig. 4.2) [141–145] despite substantial differences in structure and charge. The absorption spectrum also
resembles that of the molecule-based magnet K6 [V15 As6 O42 (H2 O)]·8H2 O. [146] In
bulk VO2 , tubular Na2 V3 O7 , and molecular K6 [V15 As6 O42 (H2 O)]·8H2 O, all transition metal atoms have a +4 charge. In these materials, the feature centered at ∼1.2
eV has been assigned as a localized d → d transition between ground and excited
states, split by a crystal field. [144–146] Assignment of the 1 eV excitation and the
higher-energy sidebands in ladder-like α0 -NaV2 O5 , however, has been controversial
due to the mixed-valence character of this material. [141, 142, 147] The 1 eV excitation is currently attributed to V4+ → V5+ charge transfer excitations on the V-O-V
rung. [142, 147]
The VOx nanoscrolls are also mixed-valent, suggesting that the feature at ∼1.2
eV may share certain characteristics with α0 -NaV2 O5 . In our case, however, the band
seems to arise from two sources, and we attribute it to the superposition of both V
d → d and V4+ → V5+ charge transfer excitations. Evidence for this dual assignment comes from both spectral and structural data. From the spectral point of view,
both the band shape as well as the trend with decreasing temperature point toward
contributions from two very different excitations in the (C8 H17 NH3 )y -VOx scrolls.
At 300 K, the band consists of two peaks: a weak feature at ∼0.8 eV and a stronger
feature centered at 1.2 eV. The 0.8 eV feature blueshifts with decreasing temperature and combines with the 1.2 eV band at base temperature. It is useful to recall
that charge transfer transitions often exhibit substantial temperature dependence,
whereas on-site d → d excitations show more subtle effects. This difference suggests
that the feature centered at 0.8 eV can be attributed to a V4+ → V5+ charge transfer
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Figure 4.2: 300 K optical absorption spectrum of (C8 H17 NH3 )y -VOx scrolls as compared with the room temperature absorption spectra of VO2 , [143] the polarized
optical conductivity of α0 -NaV2 O5 [141, 144] and the variable temperature absorption spectra of Na2 V3 O7 . [145] (after Ref. [38])
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excitation and the larger 1.2 eV feature assigned as a V d → d excitation. Note that
the d → d excitation is formally La Porte forbidden. It appears in the spectrum of
the VOx scrolls due to symmetry breaking around the chromophore, which relaxes
the selection rules on excitations within the d manifold. This kind of selection rule
relaxation appears in a number of model vanadates. [143–146] Such a process is also
allowed due to the strong hybridization between V 3d and O 2p orbitals. Structural
data also supports the dual assignment of the ∼1.2 eV band. As discussed previously,
the mixed-valent chromophore units display both edge- and corner-sharing arrangements. [46, 88] Only the edge-sharing units are likely to engage in charge transfer
with appreciable oscillator strength; corner-sharing will likely not provide sufficient
overlap for related excitations to appear in the spectrum. Combined with the La
Porte forbidden on-site V d → d excitations, we can therefore account for the two
oscillators that constitute the ∼1.2 eV band.
The higher energy spectral features of the VOx nanoscrolls also display strong
similarities with the aforementioned model vanadates, but the response is not identical. (Fig. 4.2) The structures at 3.9, 5.0 and ∼7.0 eV, previously identified as O
2p → V 3d charge transfer excitations in the VOx nanoscrolls, are present in the
spectra of the bulk, ladder, and molecular materials. [141–146] However, the ∼3.2
eV excitation that appears in the response of all other vanadates, is not apparent in
the spectrum of (C8 H17 NH3 )y -VOx (Fig. 4.2) or the other VOx nanoscrolls. Future
electronic structure calculations may be able to explain the absence of this feature
in the VOx .
Armed with an understanding of the electronic properties of the VOx nanoscrolls,
we are now in a better position to shead light on the mechanism of optical limiting
behavior in these materials. [83] Briefly, the findings of Xu et. al. are that optical
limiting is observed when the system is pumped at 532 nm (2.3 eV) but not when
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the system is pumped at 1064 nm (1.16 eV). [83] This is obviously different from
the broadband nature of the limiting effect in carbon. [148, 149] Based upon these
observations and the assignment of a 460 nm (2.7 eV) optical gap, the authors
attribute the optical limiting effect to a two-photon process. [83] In this work we
show, however, that the average optical gap of the VOx nanoscrolls is ∼0.56 eV
at 300 K, much less than that assumed by Xu et. al. The proposed two-photon
mechanism [83] is therefore not consistent with this new picture of the electronic
structure, suggesting that it may be useful to consider alternate mechanisms for the
optical limiting behavior in these materials. It is also useful to note that, even if
we assume that the band structure and gap assignment of the previous authors is
correct, alternate explanations may be applied to their results. For instance, 532
nm excitation may promote a carrier into a virtual or “trapped” state, close to
the conduction band, so that subsequent thermal excitation can take place. Lowtemperature measurements could rule out this possibility. Pumping at a different
energy, where thermal processes are unlikely (for instance 1.9 eV), may also help to
test the plausibility of this mechanism. Finally, we note that 1064 nm (1.16 eV) light
will be absorbed into the band centered at ∼1.2 eV (Fig. 4.1(a)). For some reason,
this seems to be an inappropriate choice from the point of view of optical limiting,
perhaps forcing the system into a “wrong” excited state. On the other hand, 532
nm (2.3 eV) pumping successful generates an optical limiting response in the VOx
scrolls, a result that may be related to the relatively low-absorption window of the
VOx in this energy range. Electronic structure calculations, once available, may offer
additional mechanistic insight.
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4.2

Vibrational Structure of the Pristine VOx Nanoscrolls

4.2.1

Sheet Distance Effects on the Vibrational Response of
the VOx Nanoscrolls

Figure 4.3(a) displays the 300 K vibrational response of (C6 H13 NH3 )y -VOx nanoscrolls. The far- and middle-infrared absorption spectra display a number of modes
that can be conveniently divided into four groups. These features are located at ∼113
cm−1 , between 150 - 400 cm−1 , between 400 - 1000 cm−1 , and above 1000 cm−1 . The
modes above 1000 cm−1 are attributed to those of the amine template. Using previous
mode assignments of other model vanadates including V2 O5 , α0 -NaV2 O5 , Na2 V3 O7 ,
and K6 [V15 As6 O42 (H2 O)]·8H2 O as well as the current understanding of VOx structure, [46, 88] the clusters located between 150 - 400 cm−1 and 400 - 1000 cm−1 are
attributed to V-O bending and stretching, respectively. [145, 146, 150] There are two
distinct axial stretching modes, a consequence of the substantial difference in the
two axial V-O bond lengths, one of which is extremely long and weak. As expected,
the axial modes are relatively insensitive to tube diameter effects. Selected equatorial stretching modes do, however, depend on the sheet distance, as detailed below.
This effect is somewhat analogous to the size effects that modulate the structural
phase transition in VO2 nanoparticles. [151] The isolated feature at 113 cm−1 (inset
of Fig. 4.3(a)) is assigned as the screw-like motion of scrolls and is also discussed in
detail below. Our mode assignments are summarized in Table 4.2.
We find that selected vanadium-oxygen stretching modes are very sensitive to
tube curvature. Figure 4.3(b) shows a close-up of view of two V-O-V stretching
modes as a function of sheet distance. The spectra have been normalized so that
it is meaningful to compare the integrated area. The peak centered at ∼585 cm−1
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Table 4.2: Vibrational modes of (C6 H13 NH3 )y -VOx nanoscrolls
Peak Frequency (cm−1 )

Assignment

113
179
215
255, 2731
341, 366, 3811
486, 4981
5851 ,653,727
790
866
945, 9951

Screw-like motion of scroll
V-O bending
V-O bending
V-O bending
V-O bending
V-O-V (weak axial) stretching 2
V-O-V (equatorial) stretching
V-O-V (equatorial) stretching
V-O-V (equatorial) stretching
V-O (strong axial) stretching 3

1

4

Indicates that the main feature in a multi-peak cluster.
2
Oxygen is shared by two vanadium.
3
Oxygen is not shared by two vanadium.
The features above 1000 cm−1 are related to the motion of the amine template.

appears to broaden with decreasing sheet distance. This widening is somewhat of an
optical illusion, as discussed below. More modest sheet distance effects are observed
in the ∼490 cm−1 feature. To quantify the changes in the vibrational properties
with sheet distance, we fit the various spectra with five model oscillators over the
frequency range of interest, 450 - 700 cm−1 . Figure 4.4(a) gives an example of a
typical fit. Here, the fifth oscillator works as a background.
The peak positions and integrated areas of the four most important oscillators are
shown in Figs. 4.4(b) and (c) as a function of sheet distance. The trends associated
with the ∼585 cm−1 feature are notable. The center peak positions of oscillators
3 and 4 converge by ∼12 cm−1 over the range of our investigation (C4 H9 NH3 )y VOx to (C18 H37 NH3 )y -VOx nanoscrolls), whereas the center positions of oscillators
1 and 2 display a more modest frequency change, converging by only ∼2 cm−1 . The
integrated areas of oscillators 3 and 4 increase and decrease with increasing sheet
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distance, respectively, indicating a transfer of spectral weight from the high-energy
side band (oscillator 4) to the main peak (oscillator 3). This trend is consistent with
more pronounced (limited) site distinction on smaller (larger) tubes. In contrast, the
integrated areas of oscillators 1 and 2 (associated with the ∼490 cm−1 feature) are
insensitive to sheet distance effects.
We attribute these trends to tube curvature effects. From the structural point of
view, tube curvature increases as sheet distance decreases (from (C18 H37 NH3 )y -VOx
to (C4 H9 NH3 )y -VOx ). When a two-dimensional sheet is wrapped into the tubular
morphology, equatorial bond lengths and their motion will be especially sensitive to
the degree of radial distortion. Greater distortion will manifest itself in the spectrum
in several ways, typically with mode shifting, linewidth changes, and site-symmetry
breaking. All are observed in the VOx nanoscrolls. (Fig. 4.3(b)) The sensitivity of
the 580 cm−1 feature to sheet distance modification is therefore directly attributable
to the directional character of the V-O-V equatorial stretching motion and the distortion of the nanoscroll. The overall redshifting with increasing sheet distance,
characteristic of a more relaxed lattice, is especially pronounced. In contrast, axial
bond lengths (and their associated vibrational motion) are modified only subtly due
to distortion. Sheet distance effects on the ∼490 cm−1 mode (related to the very
long V-O-V axial stretching motion in the sheet) are in line with this supposition.
Previous far-infrared studies of other model vanadates indicate that the lowestfrequency modes are not due to localized vibrations of vanadium and oxygen atoms,
but instead are related to more complicated, long-range external motions such as
lattice motion, liberation or rattling. [150, 152] For instance, the 74 cm−1 feature
in V2 O5 is assigned as a librational mode of the (V2 O5 )n chains, [152] the 90 cm−1
mode in α0 -NaV2 O5 is attributed to translation of V2 O5 units along the c axis, [150]
the 88 cm−1 mode in Na2 V3 O7 is connected with rattling mode of Na+ inside the
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tubes, [145] and the 85 cm−1 feature in K6 [V15 As6 O42 (H2 O)]·8H2 O is assigned as a
rattling mode of H2 O inside the vanadium oxide cage. [146] None of these options offer
a plausible assignment for the 113 cm−1 feature in the VOx nanoscrolls. However, the
morphology of the VOx nanoscrolls suggests an interesting alternative. Theoretical
and experimental work indicate that, in the tubular morphology, a low-frequency
radial breathing mode is expected. For instance, in single-wall carbon nanotubes
and BN tubes, the frequency of the radial breathing mode is inversely proportional
to the radius of the nanotube, independent of the nanotube structure. [81, 153] For
the BN tubes, this redshifting is predicted to be substantial, moving from 600 cm−1
to 100 cm−1 as tube radius increases from 2.5 to 10 Å. [81] A peak at 113 cm−1 is
therefore the correct order of magnitude for assignment as a radial breathing mode in
the VOx nanoscrolls. Note that usually radial breathing mode in nanotubes is totally
symmetry and is only Raman active. The screw-like motion of the VOx scrolls, which
corresponds to the breathing mode in regular nanotubes, will be infrared active.
We therefore assign the 113 cm−1 feature to screw-like motion in VOx nanoscrolls.
Considering the theoretical predictions, it is somewhat disappointing to find that the
113 cm−1 feature does not display any sheet distance dependence. We attribute this
lack of sensitivity to the small difference of sheet distances compared with large tube
diameters.

4.2.2

Temperature and Magnetic Field Effects on the VOx
Nanoscrolls

Physical tuning with temperature, applied magnetic field, or pressure provides a way
to manipulate competing interactions in a material. For instance, temperature is well
known to drive structural phase transitions, magnetic fields can modify dimensionality or break symmetry, and pressure can increase three-dimensional interactions
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and overlap. In a number of model vanadates, the effect of temperature on the
ground state has received a great deal of attention. In particular, a semiconducting
to metal transition has been observed at ∼350 K in bulk VO2 , VO2 nanoparticles
and nanorods, as well as the model oxides VO and V2 O3 . [151, 154–156] Substantial
changes in the far-infrared response accompany the 350 K transition. In order to
search for evidence of a similar semiconductor to metal transition in a material with a
tubular morphology, we investigated the variable temperature vibrational properties
of (C6 H13 NH3 )y -VOx nanoscrolls. Typical data is shown in Fig. 4.5(a).
At the base temperature, vibrational modes are sharp, and quite a bit of fine
structure is observed. The equatorial V-O-V modes are more sensitive to temperature than the axial modes. The 113 cm−1 mode corresponding to the low-energy
screw-like motion of the scrolls sharpens and blue shifts slightly at 4 K. We emphasize
that (C6 H13 NH3 )y -VOx nanoscrolls are semiconducting at all temperatures. There
is no evidence of a transition to a highly conducting metallic state. Extrapolation of
σ1 (ω) to zero frequency provides an estimate of the dc conductivity. From the upper
inset of Fig. 4.5(a), we extract σdc ≈ 0.1 cm−1 at 4 K, whereas it is somewhat higher
(≈ 2 cm−1 ) at 450 K. The lower inset of Fig. 4.5(a) displays the low-frequency values
of the optical conductivity vs. temperature. Although the low-frequency ac conductivity rises with increasing temperature, (C6 H13 NH3 )y -VOx nanoscrolls remains
essentially semiconducting over the full temperature range of our investigation. No
dramatic semiconducting to metallic state transition is observed, different from the
other aforementioned vanadium oxides.
It is interesting to speculate on possible explanations for the very weak semiconductor to metal transition in the VOx nanoscrolls. At the present time, the leading
candidates are: (1) the presence of the amine templates, which somehow interferes
with the establishment of a conducting ground state, (2) the strong Coulomb interac-
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Figure 4.5: (a) Optical conductivity spectrum of (C6 H13 NH3 )y -VOx nanoscrolls at
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74

tions in the VOx nanoscrolls give rise to a Hubbard gap and thus, a semiconducting
state over a wide temperature range, and (3) the semiconductor to metal transition is
preempted by the high-temperature decomposition. High pressure infrared measurements would allow a test of the second hypothesis, as pressure can be used to tune
the electron correlations and eliminate the Hubbard gap. It is useful to note that
the materials in our present investigation are in powder form and therefore present
an isotropic response. If the conductivity characteristics of the VOx nanoscrolls are
anisotropic, a different result, more characteristic of a one-dimensional metal, might
be obtained on oriented or “single tube” samples.
Magneto-infrared measurements were carried out at the National High Magnetic
Field Laboratory in Tallahassee, FL to investigate the effects of physical tuning
with an applied magnetic field. These experiments were motivated by the fact that
many vanadates are well-known to display novel high field effects, [147] especially
in materials with mixed oxidation states. However, in fields up to 17 T, the VOx
nanoscrolls display no field-induced modifications in the infrared response (30 - 2000
cm−1 ). Any magneto-elastic coupling in the VOx nanoscrolls must therefore take
place at a higher energy scale, if it exists at all.
According to recent thermogravametric analysis results, [64] there is a loss of
tube integrity when the VOx nanoscrolls are heated above ∼470 K. Inspection of
the data in Fig. 4.5(b) demonstrates that the vibrational response is a sensitive
and microscopic indicator of the degradation. There are a number of clear spectral
changes that appear in the damaged material. These include a reduction in intensity
and a blue-shift of the high-energy axial stretching mode at 995 cm−1 , a notable
blue-shift in the 595 cm−1 feature, and systematic changes between 250 and 400
cm−1 , features attributed to V-O bending motion (Table 4.2).
The mechanism of high-temperature degradation of the VOx nanoscrolls does not
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seem to be merely burning and decomposition of the amine. According to the variable temperature vibrational response, the inorganic framework itself breaks down
above 470 K. There may be partial removal of oxygen in this process. The inset of
Fig. 4.5(b) shows a comparison of the 300 K spectrum of (C6 H13 NH3 )y -VOx nanoscrolls before and after heating above the decomposition point. Clear evidence of
damage is observed.

4.3

Bound Carrier Excitation in Ion Substituted
Nanoscrolls: Mn-VOx

Figure 4.6(a) shows the optical conductivity of the pristine VOx scrolls and the Mn2+
substituted compounds at room temperature. The pristine scrolls display semiconducting behavior, with clearly resolved vibrational modes below 1000 cm−1 and a
low background conductivity. As mentioned previously, these modes originate from
V-O-V axial and equatorial stretching, V-O bending, and screw-like motions of the
scrolls. Subtle spectral changes occur when the amine template is exchanged for
Mn2+ , Zn2+ , or Na+ . In the Mn2+ substituted compound (Fig. 4.6(a)), the optical
conductivity develops a broad electronic background in the far infrared region, with
strong phonons riding top of this excitation. The Fano-like lineshapes of several
phonons, especially those near 250 and 380 cm−1 , indicate that this background is
electronic in nature. [157] This localized electronic excitation has a width of ∼400
- 500 cm−1 . Such a bound carrier response is characteristic of a weak or “bad”
metal rather than a traditional Drude metal and has been observed in other complex oxides. [43, 158–160] Extrapolating σ1 (ω) to zero frequency, we find σdc ≈1 Ω−1
cm−1 . We obtain similar results at low temperature, (Fig. 4.6(b)) suggesting that
the vanadium centers in both pristine and ion-exchanged scrolls are charge dispro-
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portionated, with V4+ and V5+ ions rather than the mixed valent state (V4.5+ ) that
might be anticipated for a highly conducting material.
Based on the observation of a far infrared bound carrier localization, the ion
exchange processes does add carriers to the scrolled vanadates. The carriers are not,
however, mobile in the ion substituted scrolls. Pristine (C12 H25 NH3 )y -VOx scrolls are
frustrated spin liquids as well as Mott insulators. [47] Within the rigid band model,
the “doping” or ion exchange process has been predicted to transform the insulator
to a good conductor by modifying the number of carriers and simply shifting the
Fermi energy. [47] The data in Fig. 4.6 are, however, in direct contradiction to this
expectation. The metal substituted scrolls display charge localization rather than a
free carrier response, indicating that these materials are bad metals in the bulk form.
Single scroll STM measurements are in progress to complement this spectroscopic
work.
Improved understanding of the ion exchange chemistry as well as first principles electronic structure calculations of the substituted vanadium oxide nanoscrolls
is clearly needed. The lack of detailed structural information unfortunately impedes
both efforts. Figure 4.7 displays a schematic representation of several possible band
structures that may evolve during the metal exchange process. The pristine scrolls,
diagrammed in Fig. 4.7(a), are Mott insulators, with an ∼0.5 eV band gap. [38] This
gap derives from a superposition of both V on-site d to d excitations and V4+ to
V5+ charge transfer excitations. [38] There are several possible ways to inject charge
into the system. One scenario, proposed by Krusin-Elbaum et al., involves the reconstruction of electronic structure within the rigid band model. [47] As diagramed
in Fig. 4.7(d), the essential physics of the electron or hole “doping” process can
be modeled by changing the number of carriers and shifting the Fermi energy to
the appropriate position. [47] This picture can not, however, account for the weakly
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Figure 4.7: Schematic representation of possible electronic structure changes emanating from the ion exchange process in the scrolled vanadates. (a) Band structure
of pristine vanadium oxide nanoscrolls. Here, 2∆ denotes the ∼0.5 eV band gap. [38]
(b) Schematic view in which ion exchange adds carriers to a new defect-level band
that forms near EF . (c) Cartoon view in which the new charge defect band splits
due to electron-electron interactions and/or chemical disorder effects. Here, 2∆F IR
represents the low energy bound carrier excitation. This structure will likely have
narrow bandwidth. (d) Alternate approach to the exchange process in which ion
exchange adds carriers within the rigid band model. [47] (e) Schematic view in which
the V 3d band splits due to electron-electron interactions and/or chemical disorder
effects. Here, 2∆F IR represents a possible low energy excitation, although it will
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metallic spectral response of the Mn2+ substituted nanoscrolls. Even if the partiallyfilled band of Fig. 4.7(d) is allowed to split due to electron-electron interactions
and/or chemical disorder effects (Fig. 4.7(e)), the resulting low energy excitation
would be fairly broad due to joint density of states effects in which the narrow occupied level below EF is mixed with the wider empty valence band arising from the
V 3d states. An alternate approach is to allow the ion exchange process to introduce a new band, essentially a “defect level” that derives from the charging process
(Fig. 4.7(b)). Splitting of this already narrow band might also occur due to charge
disproportionation, electron-electron interactions, or disorder effects (Fig. 4.7(c)).
As always, the Fermi level is repositioned between conduction and valence bands. A
dipole-allowed transition between these levels would be consistent with a localized
charge carrier excitation rather than a traditional metallic response in the low energy
region of the optical conductivity. Such a feature would be relatively narrow, consistent with the 400 - 500 cm−1 linewidth observed in the spectrum of Mn2+ substituted
scrolls. At this time, the scheme diagramed in Fig. 4.7(a-c) is in the best accord with
our experimental results.
Comparison of mode frequencies with those of model compounds where the valence is known often allows a microscopic analysis of local charge and bonding behavior. Thus, careful examination of vibrational shifting and splitting mode patterns
can also provide information on the ion exchange process, although in this case, we
must account for both charge and structural modifications. This analysis is possible
because vibrational features are observed in both the pristine and ion exchanged
materials. In the pristine vanadium oxide nanoscrolls, the mode at ∼575 cm−1 is
assigned as the V-O-V equatorial stretch. [38] This mode is very sensitive to curvature, widening as the size of the amine template is reduced, characteristic of a more
strained lattice. [38] The V-O-V equatorial stretching mode (Fig. 4.6) redshifts with
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ion substitution, moving from ∼575 cm−1 in the pristine scrolls, to ∼570 cm−1 in Na+
and ∼560 cm−1 in Mn2+ exchanged compounds. Shifts in peak position are observed
in other doped and intercalated vanadates. [161,162] For instance, modification of the
V4+ :V5+ ratio in Ti-substituted α0 -NaV2 O5 redshifts the V-O stretching mode from
525 cm−1 in pristine α0 -NaV2 O5 to 521 cm−1 in the Ti4+ doped compound. [162]
From the structural point of view, the redshift in the scrolled vanadates is unexpected. X-ray results indicate that the interlayer distance decreases as the smaller
metal ions replace the larger amines. [91] The V-O-V equatorial stretch might therefore be expected to widen in the substituted scrolls due to their increased curvature,
but the center peak position ought to be relatively insensitive to size. [38] Ion exchange also adds charge to the scrolls. We attribute changes in the V-O-V equatorial
stretching mode position (Fig. 4.6) to charging effects which overcome the aforementioned local strain that tends to widen and slightly harden the V-O-V resonance.
This overall softening trend (∼575 cm−1 in the pristine scrolls to ∼560 cm−1 in the
Mn2+ substituted compound) confirms that the ion exchange process adds carriers to
the scrolls. The sharp, unscreened vibrational features in the ion substituted scrolls
show, however, that the carriers are not mobile, consistent with the observation of a
bound carrier excitation in the far infrared. The metal exchange process also leads
to some chemical disorder, as evidenced in the splitting of a low frequency bending
motion (∼180 cm−1 ) and the screw-like mode at ∼113 cm−1 that is analogous to
the radial breathing mode in carbon nanotubes (inset, Fig. 4.6). Disordered Cu2+
exchanged nanoscrolls have been reported recently. [94]
Figure 4.8 displays the 300 K optical conductivity of the pristine VOx scrolls and
the Mn2+ exchanged compound over a broader energy range. With the exception of
the aforementioned bound carrier excitation localized in the far infrared (Fig. 4.6),
the spectrum of the ion exchanged scrolls is similar to that of the pristine compound,

81

4

-1

Frequency (10

-1

600

(Arb. Units)

800

1

2

4

(C H
8

9

17

3

3

1

(

16

4.4

y

NH ) -VO

(C

400

3

(C H NH ) -VO

1

cm

-1

)

0
1000

4.8

y

H

33

cm )
4

x

Mn-VO

x

x

NH ) -VO
3

y

5.2

x

5.6

Energy (eV)

200
(C

0
0

1

2

3

12

H

25

NH ) -VO

4

3

y

5

x

6

Energy (eV)

Figure 4.8: Expanded view of the 300 K optical conductivity of pristine VOx scrolls
and the Mn exchanged compound. The inset shows a close-up view of the ∼5 eV
excitation, which changes modestly with sheet distance in the unsubstituted scrolls.
[38] In the inset, the curves are offset for clarity. (after Ref. [40])

82

in line with the fact that these excitations derive from the vanadium oxide framework.
[38] Both materials display similar ∼0.5 eV optical gaps and excitations centered
near 1 eV that derive from a superposition of V d to d on-site excitations and V4+
to V5+ charge transfer excitations. [38] The O p to V d charge transfer excitations at
∼3.9 and ∼5.0 eV redshift with ion substitution. That this is a charge (rather than
size) effect is evident from a comparison of the data in the inset of Fig. 4.8. Here,
the excitation centered at ∼5.0 eV shifts to higher energy as the size of the amine
template decreases (corresponding to a reduction in the interlayer distance). The
3.9 eV feature does not change with curvature. [38] The Mn2+ substituted scrolls
display the opposite trend, indicating that charge effects also modify the charge
transfer excitations. First principles electronic calculations will offer microscopic
insight on this problem.
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Chapter 5
Infrared and Optical Studies of
VOHPO4· 21 H2O
5.1

Characterization of VOHPO4· 12 H2O Crystals

Our VOHPO4 · 12 H2 O single crystals were characterized by magnetic susceptibility
and ESR. Figure 5.1 (a) displays the molar susceptibility χ as a function of temperature. Here the units of χ are cm3 mol−1 ; each formula unit of VOHPO4 · 12 H2 O
contains one vanadium ion. Some qualitative features are noteworthy. Most striking
is that the results for χ are extremely similar for the two orthogonal crystal orientations, differing by ∼1%. Second, the susceptibility drops to quite low values near
10 K, before exhibiting an upturn at lower temperature. The signal at the lowest
temperatures varies as ∼1/T, and is attributed to a “Curie tail” of isolated paramagnetic impurity ions. This was also observed in the previous study of polycrystalline
VOHPO4 · 21 H2 O, [50] but it was much larger, indicating that the signal is not intrinsic
to the material. Using results of a Curie analysis of the data at low temperatures (T
< 10 K), we can subtract this impurity component and isolate the susceptibility of
the pure material. Isolated dimer, [50, 163] alternating chain [164], and coupled al84
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we employed g = 2.07 (H k ab plane). (b) Normalized ESR intensity vs. temperature
at 9.4 GHz. The fit (red solid line) is described in the text. The insets display the
linewidth (open symbols) and g-factor (closed symbols) as a function of temperature.
Our value of g (H k c) compares well with the previously reported 300 K value of
1.966, although there is no information on the direction of applied field in Ref. [51].
(after Ref. [41])
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ternating chain [51,165,166] models can be fit to the susceptibility data (Fig. 5.1(a)),
and with appropriate parameters, each accurately reproduces the experimental results. We extract J = 7.83 meV (63.15 cm−1 ) for the dimer model, J = 7.80 meV
(62.9 cm−1 ) and α = J0 /J = 0.04 for the alternating chain model, and J = 7.83
meV (63.15 cm−1 ), α = 0.03, and γ = J00 /J = 0.005 for the mean field-coupled alternating chain model, respectively. In the latter, γ represents a mean field interchain
interaction. Note that the small fitted J0 /J and J00 /J values show that the isolated
dimer models gives a very good description of the susceptibility. As summarized in
Table 5.1, the data can accommodate a small antiferromagnetic coupling between
the dominant V-V magnetic dimers. Bulk susceptibility data can support modest
antiferromagnetic coupling between the dominant magnetic dimer units. Similar
antiferromagnetic coupling may be present along the b direction. However, as a
macroscopic technique, susceptibility cannot easily distinguish between microscopically different models under weak coupling conditions. Energy dispersion data from
inelastic neutron scattering experiments provide a comparable upper bound of <5%
for the coupling between magnetic dimers. [167]
Figure 5.1(b) shows the ESR response of VOHPO4 · 12 H2 O between 5 and 200 K.
A significant low-temperature linebroadening and shift of the resonance field, followed by a splitting of the absorption line into two weak resonances below 15 K,
can be associated with a temperature-induced development of the spin-triplet exciton superstructure (see, for instance Ref. [170] and references therein). This will be
investigated in future work. The integrated ESR intensity of VOHPO4 · 12 H2 O as a
function of temperature exhibits behavior that is typical of a spin gap system and
is consistent with expectations for a dimerized quantum S = 1/2 antiferromagnet
with a singlet ground state. A detailed analysis of the ESR intensity dependence
should include such parameters as the density of states and probability of ESR
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Table 5.1: Exchange interactions of VOHPO4 · 12 H2 O extracted from various experimental techniques
Technique

Sample Form

Model

J (meV)

χ
χ

P
SC H k a
(or H k b)

ID
ID
AC
CAC
ID
AC
CDC
ID
ID

7.6
7.83
7.80
7.83
7.58
7.67
7.84
7.15
7.81

31

P NMR

ESR
Neutron

SC H k c
DP

αb

0.04
0.03
-0.427
-0.429

γb

∆gap (meV)

References

7.6
7.83
7.61

[50, 51]
This Work
This Work
This Work
[51, 168, 169]
[169]
[169]
This Work
[100]

0.005
7.58
5.52
-0.121
7.15
7.81

1

Technique: χ=Susceptibility.
Sample Form: P=Powder; SC=Single Crystal; DP=Deuterated powder.
3
Model: ID=Isolated Dimer; AC=Alteranting Chain; CAC=Coupled Alternating Chain;
CDC=Coupled Dimer Chain.
4
We estimate that the error bar on J is ±3% and ±10% for our susceptibility and ESR
measurements, respectively.
5
Here, α and γ are defined as J0 /J and J00 /J, respectively.
2
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transition, which in VOHPO4 · 12 H2 O can be affected by peculiarities of the local
magnetic structure (including the interdimer coupling and/or the DzyaloshinskiiMoriya interaction). Since no comprehensive theory is available, a simple isolated
dimer model was used to fit the ESR data. A Boltzmann distribution is assumed
for the temperature dependence of the ESR signal and in determining the spin
singlet-triplet energy gap. The normalized integrated ESR absorption was fit as
IESR (T )/Imax ∝ {exp[(−∆gap +gµB B)/kB T ]−exp[(−∆gap −gµB B)/kB T ]}/Z, where
g is the electron g-factor for our field configuration (H k c), µB is the Bohr magneton, kB is the Boltzmann constant, Z is the dimer partition function, and ∆gap is
the spin gap. The best fit to the data yields ∆gap = 7.15 meV (57.7 cm−1 ), as shown
in Table 5.1.

5.2

Low Energy Excitations in the Optical Spectrum of VOHPO4· 21 H2O

According to formal “change in dipole moment” selection rules, [171] magnetic excitations are absent from optical spectra due to the different parity of the singlet ground
and triplet excited states. Symmetry breaking and various types of coupling can,
however, allow these transitions through singlet-triplet mixing. One consequence
of this mixing is the activation of low-energy magnetic excitations. Optical spectroscopy has been successfully employed in studies of the magnetic energy gaps in
α0 -NaV2 O5 , SrCu2 (BO3 )2 , and CoCl2 ·2H2 O, [172–176] multiple magnetic excitations
in CoCl2 ·2H2 O and CsCoCl3 , [175–177] and spin-vibron coupling and excitations of
the magnetic manifold in Mn12 -acetate. [178–180] Thus, in fortuitous cases, magnetic
excitations and interactions can be investigated with optical techniques. Many theoretical approaches have been employed to explain the electric-dipole activation of
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Figure 5.2: Far infrared transmittance spectra of VOHPO4 · 12 H2 O for light polarized
along the a direction (black solid line) and b direction (red dashed line). The data
were taken at 4.2 K. (after Ref. [41])
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the singlet-triplet gap. [175,181–188] These approaches generally rely on higher-order
terms in the Hamiltonian to lift selection rules.
Figure 5.2 displays the polarized transmittance spectrum of VOHPO4 · 12 H2 O in
the far infrared regime at 4.2 K. In order to assign each of the observed excitations,
we consider the temperature dependence of each feature (Fig. 5.3) as well as previous
neutron scattering results. [100] Magnetic excitations tend to be very sharp at base
temperature and weaken rapidly with increasing temperature. In contrast, phonons
are present at all temperatures (although they can broaden significantly), and oscillator strength sum rules must be obeyed. [29] Neutron scattering clearly identifies
the spin gap at ∼7.81 meV (63.0 cm−1 ). [100] An infrared absorption line appears
in our data at a similar energy, with a notable polarization dependence: 8.11 meV
~ along a and 8.27 meV (66.7 cm−1 ) for E
~ along b. Based on the
(65.5 cm−1 ) for E
similar energies, the narrow linewidths (∼0.1 cm−1 ), and the observed temperature
dependence, we tentatively interpret the 8.11 and 8.27 meV lines as magnetic excitations, as related to the spin gap (∆gap ). An alternate assignment is that this
pair of peaks may be due phonons. If magnetic in origin, these excitations may be
activated in the optical response and shifted from the unperturbed spin gap position
by a dynamic Dzyaloshinskii-Moriya interaction, as described below. Based on the
temperature dependence of the far infrared spectra shown in Fig. 5.3, we attribute
the 15 - 20 meV peaks to lattice phonons. These lines are strongly polarized (Fig.
5.2). The origin of the 10.27/10.15 meV (82.83/81.87 cm−1 ) peaks and the 13.7/14.1
meV (110.5/113.7 cm−1 ) pair (Fig. 5.2) are still under investigation. We suspect
that they may be related to zero field splittings [189] or multiple magnetic excitations, [176] although the latter is usually very weak. The low temperature linewidths
are very narrow, on the order of 0.3 - 0.5 cm−1 , although they broaden significantly
with increasing temperature.
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Figure 5.3: Variable temperature transmittance spectra of VOHPO4 · 12 H2 O for light
polarized (a) along the a direction and (b) along the b direction. Measurement
temperatures are indicated. The spectra are offset by 0.45 for clarity. (after Ref. [41])
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Table 5.1 summarizes the singlet-triplet gap energies of VOHPO4 · 12 H2 O, extracted from various measurements including magnetic susceptibility, 31 P NMR, ESR
spectroscopy, and inelastic neutron scattering. In the isolated dimer model, ∆gap is
equal to the magnetic interaction energy J. In the alternating chain model, the relationship between ∆gap and J is more complicated because the dominant dimers
are coupled, resulting in mode dispersion, α so that ∆gap = f (α)J. [190–192] In
the coupled alternating chain model, ∆gap = f (α, γ)J, although for weak coupling,
the relationship will be similar to that for the isolated alternating chain. Here, α
and γ are related to mode dispersion and defined as J0 /J and J00 /J, respectively.
Interestingly, the position of ∆gap determined by optical techniques (8.11 meV and
8.27 meV for a and b polarizations, respectively) is slightly higher than that obtained by other measurements. This result is likely a manifestation of spin-orbit
coupling. Raman signatures of strong spin-phonon coupling have also been observed
in (VO)2 P2 O7 . [193]
~ along
Assuming that these low-energy excitations (8.11 meV (65.5 cm−1 ) for E
~ along b) are indeed magnetic in nature, the
a and 8.27 meV (66.7 cm−1 ) for E
dynamic Dzyaloshinskii-Moriya interaction is one type of coupling that provides
a plausible framework for understanding the observed spectroscopic results. The
Dzyaloshinskii-Moriya interaction has also attracted attention in BiFeO3 and in
Cu2 (OH)3 (Cm H2m+1 COO) (m = 7, 9, 11), in which it mediates magnetoelastic
and glassy interactions, respectively. [194, 195] This interaction is created when an
optically-active phonon breaks inversion symmetry through the dominant exchange
pathway, therefore allowing an electric dipole singlet-to-triplet transition to occur
between spin levels. [172–174, 181, 182, 186–188] The principal excitation of interest
is |S,0i → |T,0i, where S (T) denote singlet (triplet) spin states, and 0 denotes
the phonon state. Similar transitions are observed at 8.11 meV (65.4 cm−1 ) for
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~ k a and 8.43 meV (68 cm−1 ) for E
~ k c in α0 -NaV2 O5 [172] and at 2.98 meV
E
(24 cm−1 ) in SrCu2 (BO3 )2 . [174] The static interaction between the two spin states
gives rise to magnetic dipole transitions. It does not require a lattice deformation.
On the other hand, antisymmetric interaction requires at least an instantaneous lattice distortion and gives rise to electric dipole transitions between magnetic states.
Both Cépas and Rõõm et al. estimate that the electric dipole excitations are much
stronger than the magnetic dipole transitions. [172, 188] We therefore focus on dynamic Dzyaloshinskii-Moriya coupling. Using the analytical results obtained from
first order perturbation theory (valid for low temperatures, modest DzyaloshinskiiMoriya coupling, and phonon energies larger than the spin gap), [174, 188] we can
write the transition probability for the electric dipole transition between magnetic
states (Iel ) as

Iel = |hT, 0|V |S, 0i|2 =

Iph (DdDM )2 (~ωp )2
,
[(∆gap )2 − (~ωp )2 ]2

(5.1)

where Iph is the intensity or oscillator strength of the infrared-active phonon, DdDM
is the dynamic Dzyaloshinskii-Moriya coupling vector, ~ωp is the phonon energy,
and ∆gap is the energy of excitation. Here, DdDM = ( ∂D
∂Q

Q=0

)Q, and D(0) is the

static Dzyaloshinskii-Moriya vector. These terms give rise to the antisymmetric
(electric dipole) and symmetric (magnetic dipole) excitations, respectively. Transition probability can thus be evaluated based on the spectroscopic data, allowing
us to understand the possible activation of the singlet-triplet gap in the optical response of VOHPO4 · 21 H2 O. Previous estimates suggest that Iel :Iph is on the order of
1:10000. [174, 188]
The rich phonon spectrum (Fig. 5.2) provides many low-energy a- and b-polarized
lattice modes as candidates for possible coupling.

As emphasized by Rõõm et

al., [172] the transition polarization is determined by the polarization of the optical
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phonon creating the dynamic Dzyaloshinskii-Moriya interaction by lattice deformation. To activate the 8.11 and 8.27 meV features in VOHPO4 · 12 H2 O, at least two
independent (a- and b-polarized) phonons are needed, and considering the complexity
of the lattice dynamics, it is very likely that multiple modes are involved in each polarization. Separate a- and c-axis phonons were also essential for understanding the
α0 -NaV2 O5 data. [172] By examining the ratio of intensities (which is proportional
to the transition probabilities [172]), we can identify the phonons that may be contributing to the activation process. Further, we can see from Eqn. 5.1 that the energy
of the coupling phonon should not be too far from the energy of the excitation. Based
upon these criterion, the lattice modes between ∼15 and 20 meV (120 - 160 cm−1 ) in
Fig. 5.2 are good candidates to activate the a- and b-polarized spin gap excitations.
Dynamics simulations show that these modes modulate magnetic centers along the
a- and b-directions, with low-energy out-of-plane, torsional, and twisting motion. For
comparison, the important coupling phonons in α0 -NaV2 O5 are either at 199 or 518
cm−1 (a- direction) and at 68 cm−1 (c-direction), and those in SrCu2 (BO3 )2 seem
to involve Cu-O-Cu bond bending (perpendicular to the dimers). [172–174, 188] In
contrast, a low-frequency lattice phonon (30 cm−1 ) is implicated in CoCl2 . 2H2 O. [176]
The magnitude of the static Dzyaloshinskii-Moriya interaction can be estimated
[182] as D(0) ≈ (|g − ge |/ge )J. Using g = 1.96 and ge = 2.0, we obtain D(0) ≈ 1.3
cm−1 for VOHPO4 · 12 H2 O. This relationship is often applied to describe the dynamic
Dzyaloshinskii-Moriya interaction as well. An independent estimate of DdDM can
be extracted from Eqn. 5.1 using measured oscillator strengths for the spin gap
~ k a, Iel ≈ 65 cm−2 , and Iph ≈ 7060 and 10550
excitations and coupling phonons. For E
~ k b, Iel ≈ 50 cm−2 , and
cm−2 for the 146 and 167 cm−1 modes, respectively. For E
Iph ≈ 9600, 7625, and 3600 cm−2 for the 129, 146, and 167 cm−1 modes. Error bars
on these values are fairly substantial, probably ±10%. These error bars are mainly
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arisen from determining the thickness of the sample. From the above analysis, we
estimate DdDM = 7.9 and 5.2 cm−1 (0.98 and 0.64 meV) along the a and b directions,
respectively. A similar coupling strength was observed in α0 -NaV2 O5 . [172] In the
absence of magnetic field results, we are unable to determine the direction of the
Dzyaloshinskii-Moriya vector, although it is certainly perpendicular to the activating
phonon. Clearly, future high field investigations of gap mode splitting will be useful
to confirm this overall picture.

5.3

Low Temperature Phase Transition and Enhanced Hydrogen Bonding

The two most interesting aspects of the variable temperature vibrational response of
VOHPO4 · 21 H2 O are the low-temperature mode splitting and redshifting. Figure 5.4
(a), (c), (e), and (g) displays close-up views of selected modes that illustrate the weak
low temperature structural transition. Note that these vibrational features are at
higher energy than those discussed previously (Fig. 5.2). It is well known that subtle
atomic displacements, often difficult to detect in direct structural measurements,
manifest themselves quite clearly in the infrared through the appearance of new
phonon lines or splitting of existing features as a function of temperature. [196] The
B1u , B2u , and B3u modes that derive from a group theoretical analysis of the 300
K Pmmn structure of VOHPO4 · 12 H2 O are of Au and Bu type in the lower symmetry
P 21 /c subgroup. [197]
The modes near 650, 940, 1100, and 1135 cm−1 are assigned as the out-of-plane
P-O-H deformation, the symmetric P-O-H stretch, and the asymmetric PO3 stretch
(for the 1100 - 1205 cm−1 cluster), respectively. The features near 690 cm−1 are attributed to combined O-P-O and O-V-O deformation. The 4070 cm−1 mode is likely
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Figure 5.4: Close-up views of the temperature-dependent transmittance spectra (left)
and corresponding mode frequencies (right) of VOHPO4 · 12 H2 O in selected regions,
highlighting the weak second order structural transitions near 180 K. Error bars are
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a combination of the 1050 cm−1 (asymmetric PO3 stretch) and 3050 cm−1 (P-OH
stretching) features. [48, 198–200] The many spectral features above 3500 cm−1 are
attributable to the hydrated waters and suggest that the PO4 bridging anions are involved in the hydrogen bonding network. [48] In the PO4 building block unit, the two
short linkages (1.492 Å) involve P-O-V interactions, the intermediate bond length
(1.545 Å) involves the P-O-(V)2 interaction, and the long linkage (1.586 Å) is associated with different P-O-H interactions. Several of these modes split through the
transition region. Using the 300 K mode near 940 cm−1 as an example, we observe
the feature splits into triplets with decreasing temperature. A satellite peak arises
from the shoulder near 922 cm−1 grows rapidly below 180 K. At the same time, a
small peak at 937 cm−1 appears from 180 K. Changes in the 940 cm−1 P-O-H stretch
(Fig. 5.4(c) and (d)), suggest that the local symmetry of this group is broken into
at least three distinct arrangements at low temperature. The 650 cm−1 out-of-plane
P-O-H deformation mode (Fig. 5.4(a) and (b)) splits as well. At the same time,
trends in the asymmetric PO3 stretching mode (Fig. 5.4(e) and (f)) are standard
(no low temperature splitting or red-shifting), suggesting that that interactions are
modified mainly between the apical oxygen in the PO4 tetrahedra and the hydrogen
atoms on the shared waters. The gradual distortion of the P-O-H group with decreasing temperature is important because subtle distortions and displacements of
the bridging PO4 anions certainly influence magnetic exchange within and between
dominant spin dimers. [99] To quantify these vibrational changes, peak centers were
plotted as a function of temperature (Fig. 5.4 (b), (d), (f), and (h)). Based upon
these results, we identify a weak second-order structural phase transition centered at
∼180 K. This gradual transition has no signature in the magnetic susceptibility. As
discussed below, this transition is driven by a low-temperature change in hydrogen
bonding.
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Figure 5.5 shows the low temperature redshift of selected vibrational modes,
each of which is intimately connected to the complex hydrogen bonding network in
VOHPO4 · 21 H2 O. Here, the 978 and 1956 cm−1 features correspond to the vanadyl
stretching mode of the distorted VO6 octahedra and its overtone, with 10 and 20 cm−1
redshifts, respectively. The broad H2 O combination mode (1640 cm−1 deformation +
3370 cm−1 stretching) near 5000 cm−1 displays a 23 cm−1 redshift between 300 and 4
K. This mode softening occurs through the 180 K transition range, suggesting that a
change in hydrogen bonding drives the low-temperature structural phase transition.
The resonance frequency of a vibrational mode goes as ω ∼ (k/µ)1/2 , where
k is the force constant of the bond and µ is the effective mass of the atoms involved in the vibration. With decreasing temperature, atom-atom and unit cell
distances generally contract, thus increasing the size of k. As a result, mode resonance frequencies usually increase with decreasing temperature, an effect that is
traditionally called “mode hardening”. Here, selected modes display opposite trend
with temperature. Although unusual, mode softening has been observed in other
magnetic materials. [201–204] Cu(Pz)(NO3 )2 and Cu(Pz)2 (ClO4 )2 are two examples.
The overall extent and magnitude of mode softening in VOHPO4 · 21 H2 O is similar
to that in quasi-one-dimensional Cu(Pz)(NO3 )2 . In this case, mode softening is attributed to an enhanced electrostatic attraction between pyrazine hydrogens and
nitrate oxygens at low temperatures. [203] As the lattice contracts, the distance between oxygens and hydrogens decreases, causing a stronger attractive interaction.
Such a competing interaction against the thermal contraction gives rise to an increase in certain bond lengths at low temperature and thus results in the softening
of selected vibrational modes. [203] The mode softening in Cu(Pz)2 (ClO4 )2 originates from a similar mechanism, but due to the layered structure, fewer modes in
this compound soften. [204] Based upon the presence of complex hydrogen bonding
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Figure 5.5: Close-up views of the temperature-dependent transmittance spectra (left)
and corresponding mode frequencies (right) of VOHPO4 · 12 H2 O in selected regions,
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networks in VOHPO4 · 12 H2 O [49,109] and the variable temperature dynamics data in
Fig. 5.5, we attribute the observed low-temperature mode softening to a change in
hydrogen bonding interactions in this system. Structural studies show that several
oxygen and hydrogen positions become ordered at low temperature, [49] a process
that affects both vanadyl and hydrogen-oxygen bond lengths. Softening of the V=O
stretching modes and H2 O-related vibrational modes demonstrates that these interactions weaken through the transition. In terms of magnetostructural correlations,
relaxation of local VO6 structure will influence magnetic overlap. [99] Note that
hydrogen bonding also plays an important role in the topotactic transformation of
VOHPO4 · 21 H2 O to (VO)2 P2 O7 . [109] Hydrogen bonding has been shown to mediate
exchange coupling in the quasi-two-dimensional S=1/2 Heisenberg antiferromagnet
Cu(H2 O)2 (C2 H8 N2 )SO4 (and many other materials) as well. [205–208]

5.4

Color Properties of VOHPO4· 21 H2O

Figure 5.6 displays the polarized absorption spectra of VOHPO4 · 12 H2 O at 10 K. The
spectra exhibit a complex color band centered at ∼1.5 eV and a strongly anisotropic
absorption edge above 3.1 eV. Based on our electronic structure calculations and
comparison with chemically similar model compounds, [37, 38, 144, 209] the 1.5 eV
absorption bands are attributed to V4+ d → d on-site excitations. Significant p-d
covalent mixing is the origin of the strong optical activity. The observed splitting
indicates that the 3d levels are nondegenerate. In particular, the results demonstrate
that d3z2 −r2 is appropriately clustered with the rest of the d-levels, different than
suggested in previous theoretical work. [48] As shown in the inset, the color band
changes subtly with temperature. The features above the 3.1 eV charge transfer gap
are assigned as O 2p → V 3d charge transfer excitations. The shoulder on the leading
edge of the absorption band at ∼3.5 eV is a result of the complex joint density of
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101

Table 5.2: Center position (in eV) of model oscillator fits to the color band in
VOHPO4 · 21 H2 O
Polarization

Temperature (K)

1

2

3

4

Eka

300
10

1.305
1.285

1.401
1.378

1.501
1.506

1.740
1.749

Ekb

300
10

1.180
1.159

1.279
1.240

1.390
1.357

1.750
1.749

states in this compound.
Transition metal d to d on-site excitations are well-known to be sensitive indicators of the local crystal field environment. As already mentioned, the low temperature
crystal structure of VOHPO4 · 12 H2 O contains two independent, low-symmetry vanadium sites per unit cell. Note that the vanadyl bond is very short. Due to the Cs
site symmetry at the vanadium center and the strongly distorted VO6 octahedron,
the 3d energy levels of the transition metal ion are predicted to be non-degenerate,
in agreement with the measured optical properties (Fig. 5.6).
The influence of hydrogen bonding on the electronic structure is of particular interest. In order to asses these trends, we fit the variable temperature absorption spectra (both Eka and Ekb) in the color band regime with four model Voigt oscillators.
The results are summarized in Table 5.2. Six out of eight excitations display unusual
changes, redshifting with decreasing temperature. Redshifted excitations are characteristic indicators of enhanced hydrogen bonding in complex materials. [210–212]
As discussed previously, VOHPO4 · 12 H2 O is known to present two types of interlayer
hydrogen bonding interactions: (i) hydrogens on shared water molecules can interact
with apical oxygen atoms that are bonded to phosphate tetrahedra in a neighboring
layer, and (ii) covalently bound hydrogen centers can interact with vanadyl oxygen
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atoms in an adjacent layer. Examination of the crystal structure indicates that the
second type of hydrogen bonding directly influences the local VO6 crystal field environment. Secondary support for this assignment comes from vibrational property
measurements (Fig. 5.5(a-d)). Here, both the fundamental V=O stretching mode
(∼980 cm−1 )and its overtone (∼1960 cm−1 ) soften through 180 K, providing direct
evidence of a weak structural transition driven by enhanced low temperature hydrogen bonding. The data of Table 5.2 demonstrate that the electronic structure is
sensitive to subtle changes in the hydrogen bonding pattern as well. First principle electronic structure calculations are in progress to complement this experimental
work.
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Chapter 6
Infrared and Optical Studies of
(La0.4Pr0.6)1.2Sr1.8Mn2O7
6.1

Field Dependence of the Optical Spectra

Figure 6.1(a) displays the ab plane optical conductivity of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
in the low (spin-glass insulator) and high field (ferromagnetic metal) states at 4.2 K.
The dominant effect of the applied field is to redshift the oscillator strength, which is
conserved within a few percent. A similar field-induced redshift of the spectral weight
has been observed in other manganites. [213–216] In (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , the
electronic excitation near 1 eV in the spin-glass insulator state arises from a combination of Mn3+ intra-atomic d to d excitations superimposed with Mn3+ to Mn4+
(d to d) inter-atomic charge transfer excitations. [119, 217, 218] This feature narrows
and shifts to 0.4 eV in the high field ferromagnetic metal state. With increasing
magnetic field, spectral weight also transfers to the lower energy region, enlarging
the bound carrier excitation in the far infrared. This feature is a signature of ferromagnetic domain formation [119] and is discussed in more detail below. Note that
the optical conductivity of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 does not show typical metallic
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Figure 6.1: (a) Optical conductivity of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 within the ab plane
under 0 (solid line) and 10 T (dashed line) at 4.2 K (H k c), extracted from a
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(H k c). Dotted lines guide the eye to highlight the broad underlying bound carrier
localization. The inset shows the development of the bound carrier localization
(dotted lines), associated with ferromagnetic domains, upon application of field.
(after Ref. [43])
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behavior under any circumstances. Even at 10 T, where the system is driven into the
ferromagnetic metal state, a far-infrared bound carrier excitation is observed rather
than a Drude response. Manganites generally display low dc conductivities, [4, 6, 7]
and (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is no exception. Transport measurements show that
σdc is ∼10−5 Ω−1 cm−1 in the low temperature insulating state and ∼250 Ω−1 cm−1
in the high field metallic state, [123] in reasonable accord with our optical properties
data.
Figure 6.1(b) displays a close-up view of the 4.2 K optical conductivity within the
ab plane in zero (spin-glass insulator) and high magnetic fields (ferromagnetic metal).
Interestingly, the bound carrier excitation is stabilized in the high field state, moving
from ∼40 to 60 meV with a substantial increase in oscillator strength. To quantify
changes in localization with applied magnetic field, we fit the spectra with several
model oscillators over this energy range. Both peak position (inset, Fig. 6.1(b)) and
spectral weight show a first-order transition near 4 T, demonstrating that the ferromagnetic domains, which are associated with the bound carrier localization, couple
to the field-induced transition. We previously conjectured that the presence of this
low-energy bound carrier excitation in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 may be connected
with the improved magnetoresistance properties. [119] Evidence for domains in the
ferromagnetic metal state also comes from recent resistive relaxation studies. [125]
Optical imaging techniques provide direct evidence for texture changes with applied
magnetic field as well. [121]
In order to gain additional insight into the influence of disorder, it is useful to
compare the low-energy dynamics in the field-induced ferromagnetic metal state of
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 with the temperature-induced ferromagnetic metal state of
the double-layer parent compound La1.2 Sr1.8 Mn2 O7 . The latter is obtained from the
literature data of Lee et al.. [218] It is worthy noticing that neither material is a
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conventional metal (Fig. 6.2). The optical conductivity of La1.2 Sr1.8 Mn2 O7 is characteristic of a weak metal, with a small polaron hopping band (Mn3+ to Mn4+ charge
transfer) overlapping the onsite Mn d to d transitions. [218] The high-temperature
∼0.15 - 0.3 eV pseudogap in the optical conductivity is attributed to short-range
charge/orbital ordering. [218] From a theoretical point of view, pseudogap formation is predicted to be a generic consequence of mixed-phase regimes. [219] This gap
begins to fill below Tc and disappears in the low temperature ferromagnetic metal
state. [218] The response of the Pr-substituted material is similar, but the far-infrared
bound carrier excitation is separated from the asymmetric set of electronic excitations
centered at 0.4 eV by a smaller pseudogap near 100 meV. The oscillator strength
lost due to pseudogap formation is recovered in the bound carrier peak at 60 meV
(Fig. 6.2). We conclude that, although the low temperature state of La1.2 Sr1.8 Mn2 O7
and the high field state of the Pr-substituted material are both considered to be ferromagnetic metals from the bulk properties point of view, [123,218] their low-energy
electronic response is different. In ARPES, k-space sampling is different and the
pseudogap energy scale is more difficult to define because the gap is “soft”. Even so,
in the high temperature phase, the size of the pseudogap is generally consistent with
optical results in La1.2 Sr1.8 Mn2 O7 and related double layer manganites. [218,220,221]
Interestingly, ARPES shows that the pseudogap persists into the low-temperature
phase of La1.2 Sr1.8 Mn2 O7 , with an extrapolated value of ∼90 meV. [222] This differs
from the optical property results for the parent compound below Tc , [218] but is in
line with the 100 meV pseudogap in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 (Fig. 6.2). Disorder
effects in the Pr-substituted material likely break k-space selection rules and change
the optical activity of this excitation.
Direct information on how phonons couple with the magnetically driven transition in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is also of interest, especially since stretching modes
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have been implicated in electronic kink formation in recent photoemission studies of a
double-layer manganite, [220] and correlation between the Mn-O stretching mode and
polaron formation was demonstrated by optics in La1.2 Sr1.8 Mn2 O7 . [218] In addition
to the well-known infrared-active modes of the double-layer compounds, [218] the
vibrational spectrum of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 exhibits a number of new, small
modes in the low-field insulating state that are likely derived from the symmetry
breaking effects of Pr substitution. [119,223] Some of these smaller structures become
quite prominent in the ferromagnetic metal state, riding on top of the far-infrared
bound carrier excitation (Fig. 6.1(b)). Several modes shift with applied field, indicative of a significant structural change between the low-field insulating to high-field
metallic phases.
Figure 6.3(a) displays trends in the field-dependent Mn-O stretching and bending
modes. Upon increasing field, the 77.4 meV Mn-O stretching mode softens on approaching to the transition, shows a sharp change through Hc , and saturates above
5 T. The 46.3 meV O-Mn-O bending mode is more complicated. It hardens on approaching the transition and then drops suddenly across Hc . Several other modes
soften through the spin-glass insulator - ferromagnetic metal transition as well, indicative of a structural change. For comparison, Fig. 6.3(b) displays the temperature
dependent trends of the Mn-O stretching mode in both (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 and
La1.2 Sr1.8 Mn2 O7 . [218] Note that the Mn-O stretching mode softens through Tc in
the parent compound, [218] whereas it softens through Hc in the Pr-substituted
material. We can also compare field-induced modifications in the Mn-O stretching
and bending modes with neutron diffraction and magnetostriction results. [122, 224]
Neutron diffraction data shows that several bond lengths change with field. For
instance, the distance between Mn and O (equatorial bond) is 1.931(8) Å in the
spin-glass insulator state and increases to 1.937(2) Å in the ferromagnetic metal
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state. [118,122] This trend is consistent with our observation of softer phonon modes
in the high field ferromagnetic metal state of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 (Fig. 6.3(a)).
On the other hand, magnetostriction is a bulk technique. The elastic constants of
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 soften through the transition and then tighten with applied
field as Mn-O bond length disorder is suppressed. [224]
Tomioka and Tokura recently proposed a global phase diagram of perovskite
manganites within the plane of effective one-electron bandwidth and quenched disorder. [8] These two parameters are controlled by the average value and the variance
of rare earth and alkaline earth ionic radii, respectively. With increasing quenched
disorder, the Y-shaped bicritical feature of the phase diagram splits and a spin-glass
insulator state emerges, separating the ferromagnetic metal and charge/orbital ordered antiferromagnetic phases. The authors propose that spin-glass character may
enhance the colossal magnetoresistance effect in these materials. [8] Reviewing complexity in strongly correlated electronic systems, Dagotto emphasizes that this glassy
region is dominated by short-range correlations and a local tendency towards either
ferromagnetic metal or antiferromagnetic insulator regimes. [228, 229]
Although the Tomioka-Tokura phase diagram was developed for cubic perovskites,
[8] the underlying physics may be useful for understanding the double-layer manganites as well. We therefore investigated trends in (La1−z Prz )1.2 Sr1.8 Mn2 O7 within the
general framework of this global electronic phase diagram picture, modified to account for the two distinct perovskite (P) and rock salt (R) sites in the double-layer
material. Table 6.1 shows calculated values of the averaged radii (rA ) and the variance of the ionic radii (σ 2 ) with different Pr substitution. Both P and R sites show the
same trend: rA decreases and σ 2 increases with Pr substitution. Can we understand
bulk property trends in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 within this picture? Table 6.1
shows the correlation between the paramagnetic insulator to ferromagnetic metal
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Table 6.1: The averaged radii rA and variance of the ionic radii σ 2 of (La1−z Prz )1.2
Sr1.8 Mn2 O7 , calculated at the perovskite (P) and rock salt (R) sites
z

0
0.2
0.4
0.6

Tc (K)

120
90
60
-

P Sites
rA (Å) σ 2 (Å2 )

R Sites
rA (Å) σ 2 (Å2 )

1.408
1.403
1.398
1.394

1.272
1.269
1.266
1.264

0.00154
0.00226
0.00294
0.00358

0.00212
0.00256
0.00297
0.00337

P
The
averaged radii rA and the variance of the radii σ 2 are calculated
as rA =
xi ri and
P
P
2
σ2 =
xi (ri2 − rA
), where xi and ri are the fractional occupancies ( xi = 1) and effective ionic
radii of rare earth and alkaline earth cations, respectively. [8, 225]
2
Standard ionic radii are obtained from Refs. [226, 227]. The P site has a coordination number of
12, and the R site has a coordination number of 9.
1

transition temperature (Tc ), [55, 117] electronic bandwidth, and quenched disorder.
With increasing Pr substitution, Tc decreases and is eventually quenched. [55, 117]
Despite the suppression of Tc at z=0.6, (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is still in close
proximity to the ferromagnetic metal phase boundary. Thus, a small local structure
variation can modify rA and σ 2 , pushing the system back into the ferromagnetic
metal state. The measured phonon softening through the Hc (Fig. 6.3(a)) demonstrates that local Mn-O bonding is more relaxed in the high field ferromagnetic metal
state, in line with observations by Lee et al. of a relaxed lattice in the double-layer
parent compound at low temperature. [218] It is therefore probable that the applied
field modifies rA and overcomes substitution-induced disorder effects in σ 2 , driving
the system back into the ferromagnetic metal state in the Tomioka-Tokura phase
diagram. The principal difference between the field-induced ferromagnetic metal
state in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 and the temperature-induced ferromagnetic metal
state in La1.2 Sr1.8 Mn2 O7 is the presence of the pseudogap in the substituted material (Fig. 6.2). The anticipated curvature of the spin-glass insulator/ferromagnetic
metal phase boundary in magnetic field is consistent with this picture and facilitates
112

the magnetically-driven transition. At the same time, the low energy scale of Hc
indicates the closely competing nature of the spin-glass insulator and ferromagnetic
metal phases in the Pr-substituted double-layer manganite. These results suggest
that control of disorder in the proximity of a phase boundary may provide an important route to magnetodielectric materials that are switchable in low magnetic
fields.

6.2

Optical Phase Diagram

Our comprehensive magneto-optical measurements allow us to generate the H − T
phase diagram of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 for H k c (Fig. 6.4). Here, we measured
the magneto-optical response of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 as a function of temperature and field, and quantified the changes by plotting the absolute value of the
integrated intensities of the field-induced feature. The first derivative of this change
determined the boundary from the optical perspective. For comparison, we also
plotted several points determined from selected resistivity, magnetization, and magnetostriction measurements. [120,123,224] Magnetization measurements indicate two
boundaries at ∼2 and 5 T below 50 K, perhaps due to domain rotation. [224] Above
50 K, relaxation effects are more rapid. [123] Here, the phase diagram from both
optics (which measures the microscopic nature of the charge degrees of freedom) and
magnetization are in good agreement, although the boundary becomes more diffuse
with increasing temperature (inset, Fig. 6.4(a)).
It is especially interesting to compare the correspondence of the low temperature
phase boundaries in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , determined by different techniques.
Recently, Matsukawa et al. used combined resistivity, magnetization, and magnetostriction measurements to show that the bulk relaxation time of the lattice is two
orders of magnitude smaller than that of the resistivity. [125] Extending this analysis
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to include microscopic trends, we find that the critical field extracted from fieldinduced changes in Mn3+ eg orbital population is similar to the first magnetization
boundary (∼2 T). On the other hand, direct measurements of Mn-O and O-Mn-O
stretching and bending vibrational modes (Fig. 6.3(a)) show excellent correspondence with critical fields determined from bulk magnetostriction, resistivity, and the
second magnetization boundary (∼5 T). Changes in the far-infrared bound carrier
excitation (inset, (Fig. 6.1(b)) are also associated with this lattice distortion. The
results demonstrate that the lattice responds more slowly than charge and spin over
various length and time scales. The strong hysteresis in the low temperature physical
properties [55, 120, 123, 125, 224, 230] of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 derives from these
differences.

6.3

Field-Induced Color Changes at 300 K and
Visualization

Controlled disorder near a phase boundary can clearly yield a substantial magnetodielectric response over a wide energy range. However, at this time, most magnetodielectric materials [37, 131, 134, 159, 213, 214, 230–234] display contrast only at
low temperatures. Strategic control of spin-lattice interactions or the presence of a
magnetically-driven phase transition (and associated change in ground state) offer
potential routes to higher transition temperatures. The latter is investigated here.
Specifically, we explored whether the remnants of the spin-glass insulator to ferromagnetic metal transition in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 can be used to drive color
property changes at room temperature.
Figure 6.5 displays the 300 K optical conductivity of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
at 0 and 30 T. The field-induced spectral changes are similar to but smaller than
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those at base temperature (Fig. 6.1). Under applied magnetic field, the entire visible
spectrum redshifts. Given high enough magnetic field, the full spin-glass insulator
to ferromagnetic metal transition can likely be realized, inducing magneto-dielectric
effects similar to those at 4 K. Recent
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La NMR studies reveal field-induced long-

range ferromagnetic order up to 330 K in La1.2 Sr1.8 Mn2 O7 , [235] suggesting that 300
K magnetochromic effects may also be present in the parent compound.
We employed standard color rendering techniques to visualize the magnetochromic
and thermochromic effects in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 (Fig. 6.6). [65] In the calculation of color, the 300 K (0 T) data were normalized to K=1.22×10−5 cm, chosen
by a comparison to room temperature transmittance. The same value of K was used
to normalize the other data, allowing us to compare overall color changes to those
of the 300 K, zero field data. Examination of the color panel shows a distinct color
change between the 0 and 10 T data at low temperature, whereas there is only mod-
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est thermochromism as temperature is increased. The 300 K data taken at 30 T
show a small change in color compared to that of the 0 T room temperature data.
This shows that the color change is quenched by temperature although larger fields
can probably drive the spin-glass insulator to ferromagnetic metal transition at 300
K. In this case, we anticipate magnetochromic effects similar to those at low temperature. The calculated RGB values are presented (Fig. 6.6) to quantify these color
properties.

6.4

High Energy MagnetoDielectric Response

Figure 6.7 (a) displays the real part of the dielectric response as a function of energy
at low temperature. At zero field, the dispersive response exhibits typical behavior
of a semiconductor, with an overall positive ²1 except for the regions with strong
phonon dispersions. The dispersive response of the Pr-substituted compound in the
high field state is different due to the change in the ground state. ²1 crosses zero
at the screened plasma energy ∼1.2 eV, recrosses into positive territory at ∼0.6 eV,
and crosses zero several times again at low energy due to the dispersive phonon
behavior (inset, Fig. 6.7 (a)). To emphasize the difference between the zero and high
field dielectric response of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , we plot the dielectric contrast
∆²1 /²1 = [²1 (E, H) − ²1 (E, 0)]/²1 (E, 0) (Fig. 6.7 (b)). The size of the dielectric
contrast depends on energy. It is as large as ∼100% near 0.8 eV. This is the range
of Mn charge transfer and on-site excitations. In selected phonon regimes (near 6,
60, 77, 90 meV), the dielectric contrast is enormous, on the order of 10000%. The
4.2 K dielectric contrast is a direct consequence of the robust low temperature spinglass insulator to ferromagnetic metal transition and strong spin-lattice-charge cross
coupling in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 .
It is clearly desirable to design and assemble multifunctional devices that operate
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at higher temperatures. Materials that exhibit room temperature magnetoelectric
coupling are therefore needed. To this end, we have employed the remnants of the
spin-glass insulator to ferromagnetic metal transition in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7
to achieve a 300 K high energy magnetodielectric effect. Figure 6.8 displays the
room temperature dielectric properties of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 at 0 and 30 T.
The dispersive response shifts to lower energy in applied magnetic field, consistent
with the previous observation of redshifted oscillator strength in the ferromagnetic
metal state. [43] Strikingly, the dielectric contrast displays a 20% change near 1.1 eV
(inset of Fig. 6.8). The high energy magnetodielectric effect in the far and middle infrared region could not be assessed in our experiments at the NHMFL. We anticipate
that the dielectric contrast will be larger based upon its low temperature behavior.
Although weaker than that at 4.2 K, this finding demonstrates that electronic transitions can be harnessed for 300 K high energy magnetodielectric effects.
The high energy magnetodielectric effect in (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is substantially larger than that in mixed-valent K2 V3 O8 , Kagomé staircase compound Ni3 V2 O8 ,
and frustrated HoMnO3 , oxides where magnetoelastic/magnetoelectric coupling is
important. [9, 37, 138] As mentioned previously, this stronger dielectric contrast is
directly related to exploiting the field-induced insulator to metal transition. Reviewing the Tomioka-Tokura global phase diagram in complex perovskites, [8] the double
layer manganite (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 is sitting in close proximity to the phase
boundary and is therefore susceptible to physical tuning - even when the transition
itself is no longer well-defined. Control of disorder therefore provides an important
route for tuning the high energy magnetodielectric effect. [8, 43]
It is interesting to compare the high energy magnetodielectric effect in double
layer manganite (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 with static results. Due to the large DC
conductivity of these single crystal samples, we investigate the low frequency mag-
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netic response in terms of the impedance rather than ²1 . [236, 237] The inset of
Fig. 6.9 displays the low frequency (30 kHz) impedance as a function of magnetic
field at 4.2 K. The high impedance insulating state at 0 T is suppressed with increasing magnetic field, leading to a large change in impedance between 0 and 5
T. As the field decreases towards 0 T, there is a small increase in impedance, but
the sample remains trapped in the metastable low impedance state. The phase
of the complex impedance displays similar behavior. Field-induced transitions and
trapping in a metastable state have been observed in resistivity measurements of
(La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , [125] and were attributed to the strong magnetoresistive
coupling in this system. This static spin-charge coupling persists to higher temperatures. The main panel of Fig. 6.9 displays the 300 K magneto-impedance contrast as
a function of magnetic field. The impedance of the sample changes up to 2.5% in a 5
T applied field. This magneto-impedance is completely non-hysteretic, different from
that at low temperatures. Similar magneto-impedance has been observed close to
the ferromagnetic ordering temperature in other manganites, [236, 237] and was attributed to the dependence of the skin depth on both magnetic field and frequency.
Clearly, these room temperature effects represent significant spin-charge coupling
persisting to temperatures well above the magnetic transition temperature, in line
with the 300 K high energy magnetodielectric effect.
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Figure 6.9: The magneto-impedance contrast of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 as a function of magnetic field (H k c) at 300 K. The inset displays the magnitude of the
impedance as a function of magnetic field (H k c) at 4.2 K. The sample was zerofield cooled. (after Ref. [44])
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Chapter 7
Conclusion
In this dissertation, I present spectroscopic studies of three different types of transition metal oxides: VOx nanoscrolls, VOHPO4 · 12 H2 O, and (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 .
My analysis of the experimental results concentrates on optical gap tuning, lattice
and charge dynamics, hydrogen bonding, spin-lattice-charge coupling, and high energy magnetodielectric effects.
Work on the VOx nanoscrolls focused on the chemical structure-physical property correlations as well as charge and lattice dynamics. The sheet distance was
adjusted with various amine templates, allowing us to alter the scroll size. Thus,
the effect of sheet distance on the optical properties could be examined. In the
pristine nanoscrolls, the electronic structure strongly resembles that of other bulk,
low-dimensional, and molecular vanadates. [38] The 1.2 eV band is assigned as a
superposition of V4+ d → d and V4+ → V5+ charge transfer excitations, and the features above 3 eV are attributed to O 2p → V 3d charge transfer excitations. Evidence
for the dual character of the 1.2 eV band comes from both spectral and structural
data, in particular, the band shape as well as trends with decreasing temperature.
The 5 eV excitation shows a modest sheet distance dependence, redshifting with
increasing tube diameter. This suggests that it is a radially-directed excitation. We
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find that the optical gap is ∼0.56 eV at room temperature and ∼0.65 eV at 4.2 K.
Although it varies with temperature, the optical gap does not depend systematically
on tube size. At the same time, selected V-O-V stretching modes sharpen and redshift with increasing sheet distance. We attribute these trends to the microscopic
manifestations of strain, which changes with curvature. A low frequency mode is observed at 113 cm−1 , which is assigned as the screw-like motion of the scrolls. We also
measured the variable temperature optical spectra of metal ion substituted vanadate
nanoscrolls to understand the charge dynamics and test the applicability of the rigid
band model in these compounds. [40] We unexpectedly observe a bound carrier excitation in the metal substituted nanoscrolls rather than a metallic response that was
predicted by theory. This bound carrier excitation is localized in the far infrared
due to a combination of inhomogeneous charge disproportionation, electron-electron
correlation, and chemical disorder effects. We propose an alternate band filling picture that accounts for the charge localization. Analysis of the vibrational properties
shows that the 575 cm−1 V-O-V equatorial stretching mode redshifts with ion substitution, indicating that ion exchange modifies both the local curvature and charge
environment. Charge effects also redshift 3.9 and 5.0 eV electronic excitations.
In order to understand the structure-property relationships in VOHPO4 · 21 H2 O,
we investigated the low-energy magnetic susceptibility, electron spin resonance, and
lattice dynamics of this S = 1/2 Heisenberg antiferromagnet. [41] A pair of peaks in
the far infrared spectral response are of interest as possible magnetic excitations. We
propose that a dynamic Dzyaloshinskii-Moriya mechanism may explain the activation
and directional dependence of the singlet to triplet excitation in the far infrared, and
we identify two low-energy lattice modes that may facilitate this coupling. Future
high magnetic field investigations will be required to confirm the magnetic character
of these peaks and conclusively distinguish these features from conventional phonons.
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The spin gap values are compared with those obtained from magnetic susceptibility,
electron spin resonance, and neutron scattering. Although the V-O-P-O-V interaction dominates the magnetic properties of VOHPO4 · 21 H2 O, our model fits of the
susceptibility show that weak interdimer coupling is on the order of a few percent.
Variable temperature spectral results also highlight a subtle structural phase transition near 180 K. A low temperature enhancement of hydrogen bonding drives this
weak local distortion. The low lattice symmetry is important for activating the proposed magnetoelastic coupling. We also investigate the variable temperature color
properties of VOHPO4 · 12 H2 O. [42] VOHPO4 · 12 H2 O displays a strong color band centered at ∼1.5 eV that derives from excitations between crystal field split 3d levels of
the V4+ centers. These features also redshift with decreasing temperature, indicative of enhanced low temperature hydrogen bonding between layers. First principle
electronic structure calculations are in progress to complement this experimental
work.
We report a comprehensive optical investigation of (La0.4 Pr0.6 )1.2 Sr1.8 Mn2 O7 , undertaken to examine the microscopic aspects of spin, lattice, charge, and orbital coupling through the spin-glass insulator to ferromagnetic metal transition. [43] Overall,
spectral weight shifts to lower energy with applied magnetic field, although the material displays far-infrared charge localization and a pseudogap due to ferromagnetic
domain formation and modest dc conductivity in the high field ferromagnetic metallic state, different from that in the double-layer parent material. Several Mn-O and
O-Mn-O stretching and bending vibrational modes soften through the field-driven
transition, indicative of a structural change. Using the Tomioka-Tokura phase diagram picture, [8] we find that the ferromagnetic metallic state, although quenched
by chemical doping, is revived in a modified form by the application of magnetic
field by driving the system from the disordered spin-glass insulator phase into the
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ferromagnetic metal regime. The optical properties were also used to map the H − T
phase diagram, and we find that the lattice response to the field is slower than
that of spin and charge. We also observed a large high energy magnetodielectric
contrast in this bilayer manganite, a direct consequence of field driven spin-glass
insulator to ferromagnetic metal transition. [44] The remnants of the transition can
be used to achieve dielectric contrast at room temperature. This discovery suggests
that electronic mechanisms such as the metal-insulator transition, charge ordering,
and orbital ordering can be exploited to give substantial dielectric contrast in other
materials.
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Le Bail, G. Ferey, and G. Villeneuve, Eur. J. Solid State Inorg. Chem. 28,
131 (1991).
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[73] M. Côté, M. L. Cohen, and D. J. Chadi, Phys. Rev. B 58, R4277 (1998).
[74] G. Seifert, H. Terrones, M. Terrones, G. Jungnickel, and T. Frauenheim,
Phys. Rev. Lett. 85, 146 (2000).
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